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SUMMARY 

The s p e c t r a l  abso rp t ion  p r o p e r t i e s  o f  C 3  have been measured i n  a shock 
tube  conta in ing  a test-gas mixture o f  ace ty l ene  d i l u t e d  wi th  argon. The 
absorp t ion  o f  a pulsed xenon l i g h t  source was measured by means of  e i g h t  photo- 
m u l t i p l i e r  channels  t o  a spectrograph and an accompanying drum camera. The 
postshock test-gas temperature  and p res su re  were va r i ed  over t h e  ranges 3240 t o  
4300 K and 37 t o  229 kPa ,  r e s p e c t i v e l y .  

The r e s u l t s  showed apprec iab le  abso rp t ion  by C 3  f o r  t h e  wavelength range 
300 t o  540 nm. The va r ious  repor ted  measurements o f  t h e  heat o f  formation of  
C3 which are a v a i l a b l e  i n  the  open l i t e r a t u r e  have been reviewed, and a va lue  
of  198 kcal/mol is recommended. T h i s  va lue ,  a long  w i t h  b e s t  a v a i l a b l e  va lues  
f o r  o the r  s p e c i e s ,  was used t o  c a l c u l a t e  t h e  number d e n s i t y  o f  C3 f o r  t h e  con- 
d i t i o n s  of  t he  p re sen t  experiments i n  order  t o  compute abso rp t ion  c r o s s  s e c t i o n  
o r  e l e c t r o n i c  o s c i l l a t o r  s t r e n g t h .  The computed e l e c t r o n i c  o s c i l l a t o r  s t r e n g t h  
va r i ed  from a high o f  0.062 a t  3300 K t o  a low o f  0.036 a t  3900 K .  

INTRODUCTION 

Entry i n t o  the atmospheres o f  the o u t e r  p l a n e t s  is accompanied by large 
r a d i a t i v e  heating o f  the e n t r y  probe forebody. To some degree, t h i s  thermal 
r a d i a t i o n  is blocked (absorbed)  by the  coo le r  gases being evolved from the  
a b l a t i v e  heat s h i e l d .  For example, r e fe rence  1 shows t h a t  the  a b l a t i o n  gases 
emitted from a phenolic-carbon hea t  s h i e l d  absorb about  h a l f  the  i n c i d e n t  radi- 
a n t  energy f o r  an e n t r y  i n t o  the  atmosphere of  t h e  p l ane t  J u p i t e r .  Although 
the c a l c u l a t i o n  method used i n  r e fe rence  1 is t h e  best a v a i l a b l e  estimate o f  
t he  abso rp t ion  effects of  the a b l a t o r  gases, its accuracy i s  hampered by the  
l i m i t e d  knowledge o f  t h e  abso rp t ion  p r o p e r t i e s  of t h e  va r ious  gas s p e c i e s  pres-  
e n t .  Under the assumption of  thermochemical equi l ibr ium,  the  c a l c u l a t i o n s  pre- 
d i c t  t h a t  a s i g n i f i c a n t  f r a c t i o n  o f  t h e  a b l a t o r  gas w i l l  be composed o f  such 
molecules as C 3 ,  C 4 ,  C5, C z H ,  and C3H,  f o r  which l i t t l e  o r  no information is  
a v a i l a b l e  on s p e c t r a l  abso rp t ion  p r o p e r t i e s .  

Reference 1 i n d i c a t e s  t h a t  C3 is the dominant s p e c i e s  near  t he  a b l a t o r  
wall, w i t h  a mole f r a c t i o n  exceeding 0.5 f o r  some cases. Thus, an a c c u r a t e  
de te rmina t ion  o f  i ts s p e c t r a l  abso rp t ion  c r o s s  s e c t i o n  w i l l  g r e a t l y  b e n e f i t  
the  r a d i a n t  t r a n s f e r  c a l c u l a t i o n s .  The p re sen t  s tudy examines t h e  abso rp t ion  
by t r i a t o m i c  carbon C 3  i n  the s p e c t r a l  range 260 t o  560 nm. 

The most prominent s p e c t r a l  f e a t u r e  of  C 3  is a continuum-band system i n  
the v i c i n i t y  o f  400 nm. 
(ref.  21, and first observed i n  cometary s p e c t r a ,  t h i s  l i n e  group has  been 
shown (ref.  3)  t o  be due t o  a ground-state-connected e l e c t r o n i c  t r a n s i t i o n  i n  
the C 3  molecule.  
(e .g . ,  refs.  4 t o  71, bu t  a t  e l eva ted  tempera tures ,  a s t r o n g  apparent  cont in-  
uum dominates t h i s  s p e c t r a l  reg ion  (ref.  2 ) .  This  apparent  continuum was shown 

Frequent ly  referred t o  as the  11X4050 A bands" 

Only a few l i n e s  are observed a t  cryogenic  temperatures  



by Brewer and Engelke (ref. 8)  t o  be due t o  the  same bound s ta tes  as t h e  
observed l i n e s  and, t h e r e f o r e ,  no t  a t r u e  continuum bu t  a llpseudocontinuumll o f  
very  c l o s e l y  spaced r o t a t i o n a l  l i n e s  of t he  e l e c t r o n i c  t r a n s i t i o n .  
i nc ludes  an absorp t ion  measurement i n  s a t u r a t e d  carbon vapor a t  a temperature  
o f  3200 K.  
r e f e rence  9 t o  convert  these data t o  s p e c t r a l  c r o s s  s e c t i o n .  These appear t o  
be t h e  only q u a n t i t a t i v e  data on C 3  abso rp t ion  a t  high temperatures  t h a t  are 
a v a i l a b l e  i n  t h e  open l i t e r a t u r e .  

Reference 8 

The estimate o f  C 3  number d e n s i t y  given i n  r e fe rence  8 was used i n  

I n  t h e  p re sen t  s tudy ,  the s p e c i e s  C3 was produced by shock hea t ing  an 
acetylene-argon t e s t -gas  mixture i n  a shock tube.  The c a l c u l a t e d  temperature  
behind t h e  i n c i d e n t  shock wave, based on shock v e l o c i t y  measurements, ranged 
from about  3240 t o  4300 K. The postshock p res su re  va r i ed  from 37 t o  229 kPa. 
The postshock test  gas was viewed i n  abso rp t ion  by means o f  a high-pressure 
xenon pulsed l i g h t  source.  The number d e n s i t y  was c a l c u l a t e d  by us ing  the  mea- 
sured shock v e l o c i t y  and assuming thermochemical equi l ibr ium.  From t h e  measured 
abso rp t ion  and the c a l c u l a t e d  number d e n s i t y ,  t h e  s p e c t r a l  abso rp t ion  c r o s s  sec- 
t i o n  was c a l c u l a t e d  f o r  t he  s p e c t r a l  range 260 t o  560 nm. The v a r i a t i o n  o f  t h i s  
s p e c t r a l  abso rp t ion  c r o s s  s e c t i o n  wi th  temperature  is obtained f o r  t he  tempera- 
t u r e  range o f  t h e  experiments.  

SYMBOLS 

Values are given i n  S I  Units  except  f o r  heat con ten t ,  which is given i n  
c a l o r i e s  ( 1  cal  = 4.184 J). Following common p r a c t i c e ,  the  abbrev ia t ion  eu i s  
used f o r  entropy u n i t s  of c a l o r i e s  per degree k e l v i n  per  mole. 

r a d i u s  o f  carbon p a r t i c u l a t e s ,  nm 

c o e f f i c i e n t s  i n  curve f i t  o f  abso rp t ion  c r o s s  s e c t i o n  as a func t ion  
of  temperature  (eq .  ( 8 ) )  

v e l o c i t y  o f  l i g h t ,  cm/sec 

s p e c i f i c  heat a t  cons t an t  p re s su re ,  cal/mol-K 

f i l m  d e n s i t y  

f i l m  exposure,  a r b i t r a r y  u n i t s  

charge of an e l e c t r o n ,  C 

time-dependent emission o f  the test gas as measured by a 
spectrograph-channel pho tomul t ip l i e r  tube  

time-dependent abso rp t ion  def ined by equat ion  ( 1 )  

abso rp t ion  parameter co r rec t ed  f o r  gas emission,  as def ined by 
equat ion ( 2 )  

f o c a l  l e n g t h ,  m 



e l e c t r o n i c  o s c i l l a t o r  s t r e n g t h  

Gibbs free energy a t  temperature  T ,  cal/mol 

s ta t ic  en tha lpy ,  cal /mol  

l i g h t  i n t e n s i t y ,  a r b i t r a r y  u n i t s  

una t tenuated  l i g h t  i n t e n s i t y ,  a r b i t r a r y  u n i t s  

l i g h t  i n t e n s i t y  a f te r  pass ing  through tes t  gas w i t h  pa th  l e n g t h  s, 
arb i t ra ry  u n i t s  

e x t i n c t i o n  c o e f f i c i e n t  a t  wavelength A or  wave number w, cm-1 

mass o f  e l e c t r o n ,  kg 

mass of carbon p a r t i c u l a t e s  per  u n i t  flow volume, kg/m3 

number d e n s i t y  , cm-3 

real and imaginary components, r e s p e c t i v e l y ,  of r e f r a c t i v e  
index o f  carbon 

p r e s s u r e ,  Pa 

Rayleigh f a c t o r  

u n i v e r s a l  gas c o n s t a n t ,  8314 J/kmol-K (1.987 cal/mol-K) 

en t ropy  a t  temperature  T ,  cal/mol-K 

time-dependent pho tomul t ip l i e r  s i g n a l  

o p t i c a l  pa th  l e n g t h  through test gas, cm 

tempera ture ,  K 

c a l c u l a t e d  equ i l ib r ium test-gas temperature  immediately behind 
i n c i d e n t  shock wave, K 

time, sec 

v e l o c i t y  o f  i n c i d e n t  shock wave, km/sec 

d i s t a n c e  along shock tube  measured from diaphragm, m 

s l o p e  o f  l i n e a r  p o r t i o n  o f  f i l m  s e n s i t i v i t y  curve (eq.  ( 3 ) )  

mean i s e n t r o p i c  exponent f o r  test gas 
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AH; heat of formation a t  p re s su re  of  1 atm (101 kPa) and temperature  T ,  
kcal /mol 

X wavelength, nm 

P C  d e n s i t y  of g r a p h i t e ,  kg/m3 

OX ,Ow absorp t ion  c r o s s  s e c t i o n  a t  wavelength X or  wave number w ,  cm2 

w wave number, cm'l 

Subsc r ip t s :  

a b s  abso rp t ion  

P par ti cles  

sca scattering 

0 prerun cond i t ion  f o r  l i g h t  s i g n a l  

1 cond i t ion  before  shock a r r i v a l  

2 cond it ion  behind i n c  i d e n t  shock 

50 calculated cond i t ions  50 psec  a f te r  shock passage 

EXPERIMENTAL APPARATUS 

Shock Tube 

The shock tube  used i n  t h e  p re sen t  i n v e s t i g a t i o n  is t h e  same f a c i l i t y  
descr ibed  i n  r e fe rence  10. It is an a l l - s t a i n l e s s - s t e e l  tube  15.2 cm i n  
i n t e r n a l  diameter w i t h  a d r iven  tube  approximately 15.4 m long. 
arc e l e c t r o d e  assembly was removed from t h e  d r i v e r  chamber and a d r i v e r  exten- 
s i o n  s e c t i o n  was added t o  make a d r i v e r  chamber l eng th  o f  2.44 m. 
l a y e r  s p l i t t e r - p l a t e  assembly i n  the  tes t  s e c t i o n  was not  used, s i n c e  i n  the 
p resen t  s tudy t h e  postshock flow Mach numbers were less than 2 ,  and pre l iminary  
tes ts  ind ica t ed  t h a t  the s p l i t t e r - p l a t e  assembly sometimes choked t h e  flow. 
Thus, the t e s t - s e c t i o n  windows were mounted f l u s h  wi th  the  tube  walls. 

The e lec t r ic  

The boundary- 

Helium 'was used as the  d r i v e r  gas f o r  a l l  runs.  After pre l iminary  evacua- 
t i o n ,  helium was i n j e c t e d  i n t o  the  d r i v e r  chamber u n t i l  t h e  diaphragm ruptured .  
Diaphragms were s t a i n l e s s  steel with t h e  convent ional  grooves machined i n  a 
c r o s s  p a t t e r n  t o  cause the diaphragm t o  open i n  t h e  usua l  fou r -pe ta l  
conf igu ra t ion .  

The dr iven  chamber was i n i t i a l l y  evacuated t o  a p res su re  o f  approximately 
0.03 Pa by using a d i f f u s i o n  pump and a l iquid-ni t rogen-cooled t r a p .  The tes t  
gas was i n j e c t e d  i n t o  t h e  chamber approximately 3 t o  5 'minutes  p r i o r  t o  the  run.  
The inc rease  i n  chamber p res su re  due t o  outgass ing  and leakage was approximately 
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0.07 Pa/min. Since the  i n i t i a l  test-gas p res su re  was 700 Pa or greater, the 
r a t i o  o f  a i r  and water vapor t o  t es t  gas was be l ieved  t o  be 6 x o r  less 
fo r  a l l  runs .  

Op t i ca l  Ins t rumenta t ion  

A schematic  drawing of  the o p t i c a l  arrangement and shock tube  is shown i n  
f i g u r e  1. The l i g h t  source  was a high-pressure xenon lamp which was pulsed by 
the  discharge o f  a capac i tor - inductor  t ransmiss ion  l i n e  t o  produce a nea r ly  
cons t an t  l i g h t  i n t e n s i t y  f o r  about  1 msec. T h i s  pu lse  was i n i t i a t e d  by the  
passage of  t he  shock wave a t  a s t a t i o n  upstream o f  t h e  test s e c t i o n ,  so t h a t  
t h e  l i g h t  pu lse  was i n i t i a t e d  200 t o  300 vsec p r i o r  t o  the  a r r i v a l  of  t h e  shock 
wave a t  the window l o c a t i o n .  Quar t z  l e n s e s  were used t o  form an image of  the  
lamp on a small o r i f i c e  1.8 mm i n  diameter and then t o  form a co l l imated  beam 
us ing  the  image a t  t h e  o r i f i c e  as t h e  apparent  source.  Another l e n s  focused 
t h i s  beam on t h e  spectrograph en t rance  s l i t .  F i e l d  s t o p s  1 cm i n  diameter were 
used a t  the  window l o c a t i o n s  and along the  co l l imated  beam path  t o  reduce s t r a y  
l i g h t  and de f ine  the  geometry o f  t h e  o p t i c a l  pa th .  

The spectrograph used was a Czerny-Turner mount w i t h  a nominal a p e r t u r e  of  
I n t e r n a l  masks were used t o  in su re  t h a t  t h e  spectrograph was f i l l e d  

These masks l i m i t e d  the spectrograph t o  approximately f /8 .  
fl6.3. 
with  l i g h t .  
spectrograph was modified by i n s e r t i n g  a f ron t - su r face  mir ror  which reflected 
approximately 80 percent  o f  t h e  l i g h t  i n t o  a ro ta t ing-mir ror  camera which had 
been adapted t o  the  spectrograph.  The remaining 20 percent  o f  t h e  l i g h t  passed 
over t h e  top  o f  t h e  mir ror  and f e l l  on the f o c a l  p lane .  E i g h t  l i g h t  p ipes  were 
mounted i n  a group wi th  t h e i r  en t rance  faces a t  t h e  f o c a l  p lane .  Each l i g h t  
p ipe  l ed  t o  a pho tomul t ip l i e r  tube.  When used i n  t h e  u l t r a v i o l e t  range,  t h e  
en t rance  faces o f  the l i g h t  p ipes  were coated w i t h  sodium s a l i c y c l a t e .  The 
e f f e c t i v e  width of the  l i g h t  p ipes  ranged from 1.1 t o  1.9 mm. Therefore ,  t h e  
e f f e c t i v e  band pass  was 4.3 t o  7.7 nm and 2.1 t o  3.8 nm f o r  the two g r a t i n g s  
used i n  the i n v e s t i g a t i o n s .  The g r a t i n g s  used were a 300 l ine/" g r a t i n g  
blazed a t  500 nm and a 600 l ine/"  g r a t i n g  blazed a t  300 nm. The approximate 
va lues  o f  l i n e a r  d i spe r s ion  a t  the f o c a l  plane were 41 .O nm/cm f o r  the  
300 l ine/"  grating and 20.2 nm/cm f o r  t h e  600 l ine/" g r a t i n g .  

The 

The pho tomul t ip l i e r s  were used w i t h  load r e s i s t o r s  t h a t  l i m i t e d  output  
c u r r e n t  t o  less than 1 mA. The l i n e a r i t y  o f  each pho tomul t ip l i e r  tube  was 
checked w i t h  neu t r a l -dens i ty  f i l t e r s .  An example of t h e  l i n e a r i t y  check is 
shown i n  f i g u r e  2 f o r  one channel.  On each channel ,  bal las t  c a p a c i t o r s  pa ra l -  
leled each o f  t h e  last two r e s i s t o r s  o f  the dynode cha in  so as t o  maintain 
n e a r l y  cons t an t  dynode vo l t ages  f o r  extended s i g n a l  per iods .  

The drum camera was a commercially manufactured device  which was modified 
t o  adapt  t o  the  spectrograph.  It used an a i r -d r iven  tu rb ine  t o  t u r n  the drum 
318 f 5 r p s .  The l eng th  o f  f i l m  ( i n t e r n a l  circumference o f  the drum) was 
31.88 cm, and t h e r e f o r e  the f i l m  speed was 10.1 f 0.1 cm/msec. S ince  t h e  
e f f e c t i v e  slit  he igh t  a t  the  f i l m  was approximately 1.5 mm, t h e  time reso lu-  
t i o n  on the f i l m  was no better than 15 psec .  
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Veloci ty-Pressure Ins t rumenta t ion  

The d i s t a n c e s  from t h e  primary diaphragm t o  t h e  c e n t e r s  o f  t h e  instrumen- 
t a t i o n  p o r t s  are shown i n  table  I. A th in- f i lm r e s i s t a n c e  thermometer was 
i n s t a l l e d  i n  s t a t i o n  1 t o  detect the  passage o f  t h e  shock wave. The output  
s i g n a l  from t h i s  gage was used t o  i n i t i a t e  both the  system of  t ime- in te rva l  
meters which measured the  shock t r a n s i t  times and t h e  time-delay gene ra to r s  
which triggered the osc i l l o scopes .  

The remaining in s t rumen ta t ion  p o r t s  had e i ther  th in - f i lm  gages, l i g h t  
p ipes  leading t o  pho tomul t ip l i e r s ,  or qua r t z  p re s su re  t r ansduce r s  mounted as 
i n d i c a t e d  i n  table I. The th in - f i lm  gages were used because they gave low- 
n o i s e ,  r ap id - r i s ing  s i g n a l s  which were e a s i l y  ampl i f ied  f o r  use as t r i g g e r  s i g -  
n a l s .  The pho tomul t ip l i e r s  merely gave an  i n d i c a t i o n  o f  the  approximate test  
time. The p res su re  t r ansduce r s  showed t h e  s t e a d i n e s s  o f  t h e  test-gas s l u g .  
Examples o f  the  osc i l lograms from a pho tomul t ip l i e r  and a p res su re  t r ansduce r  
are shown i n  f i g u r e  3. 

The shock v e l o c i t y  was determined from the  measurements o f  t ime- in t e rva l  
meters. The ampl i f ied  s i g n a l  from t h e  ins t rumenta t ion  mounted a t  each s t a t i o n  
was used t o  s t o p  a t ime- in te rva l  meter. The s tar t  g a t e  f o r  a l l  the  time- 
i n t e r v a l  meters was provided by the  th in- f i lm gage a t  s t a t i o n  1.  An example 
o f  t h e  c a l c u l a t e d  average v e l o c i t y  between success ive  s t a t i o n s  is shown i n  f ig-  

u r e  4 .  

s u r e  l e v e l .  The v e l o c i t y  which was used t o  reduce t h e  data was t h e  f i n a l  veloc-  
i t y  a t  the  test  s e c t i o n .  

m/sec 
m 

The shock a t t e n u a t i o n  ranged from 5 t o  20 - depending on the  pres-  

Test Gas 

The test gas was purchased a l r eady  mixed and cer t i f ied  by t h e  s u p p l i e r  t o  
be 2.99 percent  C2H2, 97.01 percent  argon by volume. A few runs  were made as 
a check wi th  a 1.97-percent C2H2, 98.03-percent argon mixture.  
the  test program, a sample o f  the  tes t  gas was analyzed by gas chromatography 
t o  in su re  t ha t  the mixture remained uniform. 

T w i c e  dur ing  

Test Procedure 

It was found t h a t  i f  the lamp had not  been fired f o r  s e v e r a l  hours ,  i t  was 
necessary t o  f i re  it s e v e r a l  times i n  o rde r  t o  i n s u r e  reproducib le  l i g h t  pu l se s .  
After these  warmup firings, the  lamp r e g u l a r l y  reproduced an i d e n t i c a l  pu l se  
wi th in  k5 percent .  When t h e  lamp had been fired s u f f i c i e n t l y  t o  i n s u r e  good 
r e p e a t a b i l i t y ,  a prerun sho t  was recorded from t h e  eight pho tomul t ip l i e r s  con- 
nected t o  t he  spectrograph l i g h t  p ipes .  These r eco rds  were regarded as t h e  
unabsorbed i n t e n s i t y  as a func t ion  o f  time f o r  each channel .  The c a p a c i t o r  
bank which f i r e d  t h e  lamp was charged t o  355 V ,  as read on a d i g i t a l  vo l tme te r ,  
f o r  the  prerun record .  
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A s  mentioned previous ly ,  the  dr iven  ch mber was evacuated t o  about  0.03 Pa  
p r i o r  t o  each run.  The d r i v e r  chamber was evacuated t o  about  1.5 Pa by us ing  a 
mechanical pump only.  After t h e  test gas was i n j e c t e d  i n t o  the  dr iven  tube ,  
t he  lamp supply c a p a c i t o r s  were charged t o  approximately 365 V.  
charge slowly leaked o f f  t h e  c a p a c i t o r s ,  the  succeeding run ope ra t ion  s t e p s  
were paced i n  an a t tempt  t o  synchronize t h e  diaphragm rup tu re  w i t h  a c a p a c i t o r  
vo l tmeter  reading of  355 V. T h i s  r e s u l t  was accomplished wi th in  +2 V f o r  
nea r ly  a l l  runs.  

S ince  t h e  

Following each run,  t h e  shock-tube windows were c leaned ,  s i n c e  pos t run  
lamp f i r i n g s  showed tha t  the  i n t e n s i t y  was reduced by 10 percent  o r  so  as a 
r e s u l t  of d e p o s i t s  on the windows. The e n t i r e  shock-tube i n t e r i o r  was cleaned 
p e r i o d i c a l l y  (approximately every 20 runs)  wi th  e t h y l  a lchohol .  

DATA REDUCTION PROCEDURES 

Spectrograph Channels 

A sample record from a spectrograph channel is shown i n  f i g u r e  5. Fig- 
u r e  5 ( a )  shows t h e  prerun  record o f  the  l i g h t  p u l s e ,  and f i g u r e  5 ( b )  shows the  
osc i l logram taken during the  run.  The a r r i v a l  of  the shock wave is c l e a r l y  
i n d i c a t e d  by t h e  sudden drop i n  pho tomul t ip l i e r  s i g n a l  l e v e l .  
shows t h e  record  after being d i g i t i z e d ,  a long  wi th  the d ig i t i zed  prerun record 
f o r  the  same channel .  

F igure  5 (c )  

F igure  5 ( d )  p r e s e n t s  t he  f r a c t i o n  o f  l i g h t  absorbed 

where S ( t )  and S o ( t )  are the  time-varying va lues  o f  the  pho tomul t ip l i e r  
s i g n a l  for the  run and prerun ,  r e s p e c t i v e l y .  For these traces, t i m e  equa l  t o  
z e r o  corresponds t o  the  start o f  t h e  l i g h t  pulse .  

The parameter F ( t )  was p l o t t e d  f o r  each channel of  each run by a program- 
mable c a l c u l a t o r  with the d i g i t i z e d  osc i l lograms as inpu t  data. Typica l ly ,  the 
va lue  of F ( t )  increased  moderately w i t h  time after shock passage,  most l i k e l y  
because of  t h e  growing wall boundary l a y e r .  Many runs  showed tha t  t h e  parameter 
F ( t )  took 40 psec  or so t o  reach a p la t eau  va lue ,  sugges t ing  t h a t  t h e  chemical 
r e l a x a t i o n  rate took approximately t h i s  long t o  a d j u s t  t o  t h e  postshock 
cond i t ion .  

The l i g h t  rece ived  by t h e  spec t rograph  included t h e  emission from t h e  gas 
as w e l l  as the  ( p a r t i a l l y  absorbed)  emission from t h e  lamp. I n  o rde r  t o  deter- 
mine the  c o n t r i b u t i o n  from gas emission,  runs  were made wi th  the  lamp turned 
o f f .  For some runs ,  a l i g h t  chopper was employed so t h a t  t h e  abso rp t ion  and 
emission could be determined on the  same run.  The f i e l d  s t o p s  i n  t he  l i g h t  
pa th  at tempted t o  in su re  that  the  volume o f  gas c o n t r i b u t i n g  t o  t h e  emission 
was e s s e n t i a l l y  the  same as t h a t  f o r  which t h e  abso rp t ion  was determined. 

The emitted l i g h t  was expressed as a f r a c t i o n  o f  t h e  prerun lamp s i g n a l  
So, and t h i s  q u a n t i t y  was used t o  c o r r e c t  t he  abso rp t ion  parameter F ( t ) .  If 
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t h e  co r rec t ed  abso rp t ion  is denoted as F ' ( t )  and the emission as e ( t > ,  t h e  
fo l lowing  express ion  r e s u l t s :  

For most run c o n d i t i o n s ,  the emission term was immeasurably small. For the  

- 0.1 and h ighes t  temperature runs ,  the  emission term grew as large as - - e(  t )  
So( t )  

represented  a c o r r e c t i o n  t o  t h e  va lue  o f  F ( t )  o f  the order  o f  30 percent .  A 
f e w  runs  were made i n  pure argon test  gas t o  i n s u r e  t h a t  t h e  emission and 
abso rp t ion  from the  carrier gas were n e g l i g i b l e .  

Drum Camera Film 

A sample o f  t h e  f i l m  obtained from t h e  drum camera is shown i n  f i g u r e  6 ( a ) .  
The prominent f e a t u r e s  o f  t he  abso rp t ion  are an apparent  continuum and a f e w  
bands. All the  bands t h a t  were observed over the  e n t i r e  wavelength range o f  t h e  
s tudy belong e i ther  t o  C2 o r  t he  v i o l e t  system o f  CN. Th i s  l a t te r  system is so 
s t r o n g  that  only a small contaminat ion of  a i r  i n  t h e  test-gas mixture causes  it 
t o  appear .  

Figure 6 ( b )  shows a microdensitometer t r a c i n g  of t h e  f i l m  f o r  the same run 
as t h a t  o f  f i g u r e  6 ( a ) .  
shock a r r i v a l  and the o t h e r  taken about  100 psec  a f te r  shock a r r i v a l .  The d i f -  
f e r ence  between t h e  traces is a measure o f  t he  absorp t ion .  

Two traces are shown, one taken a t  a time j u s t  before  

The f i l m  y i e l d s  so much more s p e c t r a l  de ta i l  than t h e  l i g h t  p ipe  channels  
t h a t  an a t tempt  was made t o  use  the  densi tometer  traces q u a n t i t a t i v e l y .  The 
fol lowing procedure d i s c u s s e s  how t h i s  was done. 
eve r ,  t h a t  only l i m i t e d  confidence can be attached t o  t he  q u a n t i t a t i v e  f i l m  
d e n s i t y  r e s u l t s ,  because o f  t h e  many p i t f a l l s  a s soc ia t ed  w i t h  us ing  f i l m  quan- 
t i t a t i v e l y  and the  approximate procedure used i n  the  p resen t  s tudy .  

It must be emphasized, how- 

Twice during t h e  i n v e s t i g a t i o n ,  sens i tometer  samples were made on f i l m  
The samples and these were developed i n  t h e  same manner as t h e  t e s t  films. 

sens i tometer  samples were then run on t h e  microdensitometer and t h e  specu la r  
dens i ty  o f  the  f i l m  was p l o t t e d  a g a i n s t  the  logar i thm o f  t h e  exposure,  as shown 
i n  f i g u r e  7. The l i n e a r  po r t ion  o f  t h i s  curve showed a s lope  of  approximately 
y = 0.9. The f i l m  dens i ty  D was t h u s  assumed t o  be related t o  exposure by 

where the s u b s c r i p t s  1 and 2 i n d i c a t e  times j u s t  before  and j u s t  a f te r  
shock a r r i v a l ,  r e s p e c t i v e l y .  Exposure is def ined  as the  product  o f  t h e  l i g h t  
i n t e n s i t y  and time; t h e r e f o r e ,  equat ion  (3) may be r e w r i t t e n  

a 



Since  the exposure time is the same f o r  each element on the test f i l m ,  
equa t ion  ( 4 )  y i e l d s  the r a t i o  o f  l i g h t  i n t e n s i t y  before  shock a r r i v a l  t o  t h a t  
af ter  the  shock as a func t ion  o f  d e n s i t y  d i f f e r e n c e  on f i l m .  T h i s  r a t i o  was 
then used t o  determine t h e  wavelength-dependent e x t i n c t i o n  c o e f f i c i e n t  Kx.  As 
noted p rev ious ly ,  the  va lues  o f  e x t i n c t i o n  c o e f f i c i e n t  determined from t h e  f i l m  
must be viewed w i t h  great caut ion .  However, as is shown subsequent ly ,  they show 
q u i t e  good r e p e a t a b i l i t y  and are i n  e s s e n t i a l  agreement with t he  data obtained 
from t h e  l i g h t  p ipe-photomul t ip l ie r  channels .  The two most dar ing  assumptions 
i n  t h e  procedure j u s t  descr ibed  appear  t o  be 

( 1 )  The de te rmina t ion  o f  the s lope  y was made by us ing  t h e  xenon flash 
lamp i n  t h e  sens i tome te r ,  and these lfwhitelI l i g h t  data were then assumed t o  
apply f o r  a l l  wavelengths throughout  t he  s p e c t r a l  range of  t h e  i n v e s t i g a t i o n  
and f o r  a l l  f i l m  exposures ,  even though a t  low f i l m  d e n s i t y ,  the s lope  was 
d i s t i n c t l y  lower.  

(2)  The same c a l i b r a t i o n  data were assumed t o  apply f o r  a l l  runs ;  t h u s  any 
d i f f e r e n c e s  i n  f i l m  development from run t o  run. were ignored.  

Absorption Cross Sec t ion  

The e x t i n c t i o n  c o e f f i c i e n t  KX is def ined  by the  r e l a t i o n  

(See re f .  11 f o r  a review of  fundamentals i n  absorbing media.) If the  absorbing 
medium has uniform absorb ing  and s c a t t e r i n g  p r o p e r t i e s  a long  the  l eng th  o f  t h e  
l i g h t  pa th  s ,  equat ion  ( 5 )  may be i n t e g r a t e d  from 0 t o  s t o  y i e l d  

IO 

IS 
I n  - 

KX = - 
S 

Here, Io and Is denote ,  r e s p e c t i v e l y ,  t h e  i n t e n s i t y  as the  l i g h t  beam e n t e r s  
and l eaves  the  absorb ing  medium of l e n g t h  s. 

I n  the  p resen t  s tudy ,  scattering effects were ignored and t h e  abso rp t ion  
c o e f f i c i e n t  was assumed i d e n t i c a l  wi th  t h e  e x t i n c t i o n  c o e f f i c i e n t .  S o l i d  parti-  
c les ,  i f  p r e s e n t ,  would be expected t o  be a s i g n i f i c a n t  s c a t t e r i n g  agent .  For 
t h i s  reason,  the  p resen t  test  cond i t ions  avoid the  lower temperature  range,  
where s o l i d  carbon p a r t i c l e s  might be expected t o  be p resen t .  I n  "Resul t s  and 
Discussion,11 tests are descr ibed which suppor t  t h e  conclusion t h a t  t h e  p re sen t  
experiments are not  s i g n i f i c a n t l y  affected by s o l i d  p a r t i c l e  s c a t t e r i n g .  
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An absorp t ion  c r o s s  s e c t i o n  may be def ined as 

Use of  the absorp t ion  c r o s s  s e c t i o n  t o  d e f i n e  the abso rp t ion  p r o p e r t i e s  of  a 
gas accounts  f o r  the dependence o f  abso rp t ion  c o e f f i c i e n t  on gas d e n s i t y  by 
assuming a l i n e a r  v a r i a t i o n  w i t h  t he  number o f  molecules a v a i l a b l e  t o  absorb.  
Reduction and use o f  the  p resen t  data t h e r e f o r e  r e q u i r e  t ha t  the number d e n s i t y  
o f  C3 molecules be determined. 

For the  p resen t  t es t s ,  the  number d e n s i t y  o f  C 3  molecules was determined 
by a free-energy-minimization c a l c u l a t i o n  assuming thermochemical equ i l ib r ium 
i n  the test reg ion  behind the shock wave. The chemical equ i l ib r ium computer 
program ACE o f  r e fe rence  12 was used f o r  t h i s  c a l c u l a t i o n ;  t h e  thermodynamic 
state p r o p e r t i e s  ahead of the shock wave and the shock v e l o c i t y  f o r  each run 
were requi red  i n p u t s  t o  the  program. The program a l s o  r e q u i r e s  a va lue  f o r  
heat o f  formation and a d e f i n i t i o n  of  the temperature-dependent thermodynamic 
v a r i a b l e s  f o r  each gas s p e c i e s  which is t o  be considered i n  the  f i n a l  mixture.  
This  requirement creates a problem i n  t ha t  the heat o f  formation o f  C3 has not  
been determined as a c c u r a t e l y  gs is desirable. 
fogmation of C 3  range from AH0 = 188 kcal/mol 
AH298 = 212 kcal/mol ( r e f .  1 4 ) .  This  spread i n  heat o f  formation,  t oge the r  
w i t h  the u n c e r t a i n t y  i n  thermal p r o p e r t i e s ,  produced an unacceptably large 
d i f f e rence  i n  t h e  c a l c u l a t e d  number d e n s i t y  o f  C 3 .  
the  v a r i o u s  measurements o f  the  heat o f  formation and thermal proper ty  ca l cu la -  
t i o n s  o f  C 3  was included i n  the p resen t  s tudy and is repor ted  i n  the  appendix. 
The thermal  pgoperty c a l c u l a t i o n s  o f  Lee and Sanborn ( r e f .  15) and a heat o f  
formation were selected and used i n  the ACE program f o r  
computing the C 3  number dens i ty .  

Measurements o f  t h e  heat of 
(ref.  13) t o  as high as 

Consequently, a review o f  

AH0 = 198 kcal/mol 

Varying Stream P r o p e r t i e s  

A s  was stated p rev ious ly ,  the  abso rp t ion  parameter F ' ( t )  u s u a l l y  
increased  moderately wi th  time af te r  shock passage. Three p o s s i b l e  causes  o f  
t h i s  time v a r i a t i o n  o f  abso rp t ion  are suggested:  ( 1 )  t h e  flow might no t  be i n  
chemical equi l ibr ium;  (2 )  t h e  free-stream p r o p e r t i e s  vary  as a r e s u l t  of  the  
displacement effects o f  t he  boundary l a y e r ;  and (3 )  the  boundary l a y e r ,  which 
grows wi th  d i s t ance  behind the shock wave, absorbs  more per  u n i t  o p t i c a l  pa th  
l eng th  than does the i n v i s c i d  flow. I n  t h i s  s e c t i o n ,  these p o s s i b l e  causes  are 
examined i n  tu rn  i n  an e f f o r t  t o  eva lua te  t h e i r  effects on the  p re sen t  data. 

Thermochemical equi l ibr ium.-  S ince  rate cons t an t s  f o r  the  important  reac- 
t i o n s  are not  we11 known, a f i n i t e - r a t e  c a l c u l a t i o n  o f  t h e  r e a c t i o n  process  
would not  be re l iable .  However, s e v e r a l  facets o f  t h e  p r e s e n t  data sugges t  t h a t  
chemical equ i l ib r ium was e s s e n t i a l l y  obtained i n  about  40 psec  after shock pas- 
sage. (It might be noted tha t  the  res idence  time o f  the p a r t i c l e s  was about  
4 times greater than the observa t ion  time. Thus,  a t  an observa t ion  time o f  
40 psec ,  the  observed gas p a r t i c l e s  passed through the shock wave approximately 
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160 psec earlier.) 
t h e  p re sen t  test cond i t ions  are now b r i e f l y  enumerated : 

These va r ious  facets t h a t  suggest  chemical equi l ibr ium f o r  

(1 )  The photomul t ip l ie r  tubes  used t o  detect shock wave and i n t e r f a c e  pas- 
sage t y p i c a l l y  d isp layed  s i g n a l s  which rose  t o  a l e v e l  i n  20 t o  40 psec.  There- 
af ter ,  the  s ignal  l e v e l  ei ther decayed somewhat (as  i n  t h e  example i n  f ig .  3 ( a ) )  
or remained e s s e n t i a l l y  cons t an t .  Since these l i g h t  s i g n a l s  were not  f i l tered 
s p e c t r a l l y ,  they contained c o n t r i b u t i o n s  from a l l  emitters wi th in  t h e  s p e c t r a l  
range o f  t he  d e t e c t o r  (poss ib ly  inc lud ing  i m p u r i t i e s )  and would be expected t o  
be q u i t e  s e n s i t i v e  t o  temperature v a r i a t i o n s .  Thus, the  r e l a t i v e  f l a t n e s s  of  
t he  s i g n a l  would seem to imply only small temperature v a r i a t i o n  wi th  time. 

( 2 )  On runs  i n  which the emission was measured w i t h  the spectrograph ( i . e . ,  
the  absorp t ion  lamp source  was not  u sed ) ,  t h e  emission a t  each wavelength r o s e  
t o  a p l a t eau  i n  about  20 psec after shock passage and then remained remarkably 
cons t an t  f o r  the  remainder o f  the  test time. This  emission was assumed t o  be 
due t o  C 3  and t h e r e f o r e  implied cons t an t  number d e n s i t y  and temperature  o f  the  
C3 s p e c i e s .  

( 3 )  Timewise  surveys o f  the  drum camera f i l m s  a t  the wavelengths of  t h e  

Also, t h e  measured 
band heads o f  the  C2 Swan band system were a l s o  very cons t an t  wi th  time. 
t h e  abso rp t ion  due t o  C2 was e s s e n t i a l l y  time i n v a r i a n t .  
abso rp t ion  c o e f f i c i e n t  was i n  f a i r l y  good agreement w i t h  t h a t  p red ic t ed  by 
r e fe rence  16 . 

Thus, 

( 4 )  The r e s u l t s  o f  runs  f o r  a test-gas mixture of 2 percent  ace ty l ene  i n  
argon were i n  good agreement w i t h  the  r e s u l t s  f o r  a 3-percent ace ty l ene  mixture.  
Also, no s i g n i f i c a n t  t r e n d s  w i t h  p re s su re  l e v e l  were observed. 

Effects o f  varying free-stream prope r t i e s . -  Mirels has  shown (ref.  17) 
t h a t  t h e  free-stream flow p r o p e r t i e s  vary wi th  d i s t a n c e  behind t h e  shock wave 
because t h e  growing wall boundary l a y e r  changes the  e f f e c t i v e  c ros s - sec t iona l  
area o f  t he  i n v i s c i d  flow. Reference 17 p r e s e n t s  r e l a t i o n s h i p s  f o r  c a l c u l a t i n g  
the  varying flow p r o p e r t i e s ,  f o r  ei ther wholly laminar or wholly t u r b u l e n t  
boundary-layer growth, based on t h e  assumption of  an i s e n t r o p i c  process  i n  the 
postshock i n v i s c i d  flow. For the  p re sen t  data, a t u r b u l e n t  boundary l a y e r  has  
been assumed because o f  t h e  Reynolds number range of  the test cond i t ions .  T h i s  
assumption appears  j u s t i f i e d ,  s i n c e  t h e  measured test times were i n  good agree- 
ment wi th  those  c a l c u l a t e d  by t h e  method o f  r e fe rence  18 f o r  a t u r b u l e n t  bound- 
a r y  l a y e r .  

Four runs  were selected as approximately bounding t h e  pressure- temperature  
range o f  the  p resen t  tests.  An i s e n t r o p i c  exponent based on the  equi l ibr ium 
mole f r a c t i o n s  o f  t he  major s p e c i e s  was ca lcu la t ed  f o r  each o f  these runs.  The 
mean va lue  o f  t h i s  i s e n t r o p i c  exponent 
f o r  a l l  runs  t o  compute the  i s e n t r o p i c  compression of  t h e  shocked gas, s t a r t i n g  
w i t h  the  postshock equ i l ib r ium cond i t ions .  Figure 8 shows the  computed temper- 
a t u r e  v a r i a t i o n  a t  t h e  test l o c a t i o n  f o r  the four  sample runs .  It may be seen 
t h a t  the  temperature  v a r i a t i o n  T/T2 is very similar f o r  a l l  four  runs ;  there- 
f o r e ,  f o r  a l l  runs  o f  t h e  t es t  program, t h e  time v a r i a t i o n  of  t h e  postshock 
temperature  was modelled as 

7 was 1.654, and t h i s  va lue  was used 
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T/T2 = 1 + 0.0066( t  x IO6)O*3 

Th i s  r e l a t i o n  is a l s o  shown i n  f i g u r e  8. The p res su re  v a r i a t i o n  was then found 

Y/(V- 1 1 by the  i s e n t r o p i c  r e l a t i o n  p a T 

I n  a similar manner, the  v a r i a t i o n  o f  the  mole f r a c t i o n  o f  C3 was curve 
f i t  f o r  t h e  p re sen t  test range as a func t ion  o f  p re s su re  and temperature .  T h i s  
permit ted de te rmina t ion  o f  t h e  time-varying number d e n s i t y  as a p e r t u r b a t i o n  of 
t h e  va lue  ca l cu la t ed  immediately behind the  shock wave. 

F igures  9 ( a ) ,  9 ( b ) ,  and 9 ( c )  show examples of  the  effect  o f  applying the  
time-varying number d e n s i t y  t o  t h e  absorp t ion  data. A s  i l l u s t r a t e d  by f i g u r e  9 ,  
t h i s  c a l c u l a t i o n  method was not  uniformly success fu l  i n  account ing f o r  the  time 
v a r i a t i o n  o f  the absorp t ion .  I n  fact ,  f o r  t h e  h ighes t  temperature  cond i t ions ,  
t h e  abso rp t ion  c r o s s  s e c t i o n  v a r i e s  more w i t h  time than does the  abso rp t ion  
f a c t o r  F ' ( t ) .  It seems apparent  t h a t  c o r r e c t i o n  f o r  t h e  v a r i a t i o n  of free-, 
stream p r o p e r t i e s  w i l l  no t  by i tself  y i e l d  a t ime- invar ian t  abso rp t ion  c r o s s  
s e c t i o n .  

Boundary-layer absorpt ion.-  No a n a l y s i s  o f  t he  abso rp t ion  wi th in  the  
boundary l a y e r  was attempted i n  the  p resen t  s tudy ,  and f o r  the  data r educ t ion  
a cons t an t  va lue  for  the  abso rp t ion  pa th  l eng th  equal  t o  t h e  tube  i n t e r n a l  
diameter was used. 
path l eng th  i n  t h e  boundary l a y e r  was the  same as t h a t  i n  t h e  i n v i s c i d  stream. 
Such a case would not  u sua l ly  e x i s t ,  o f  course ,  and it appears  l i k e l y  tha t  t h e  
v a r i a t i o n  o f  t h e  abso rp t ion  w i t h  time is, t o  a large e x t e n t ,  the r e s u l t  of  
varying C3 number d e n s i t y  i n  t h e  v i scous  reg ion .  
minimized by eva lua t ing  the abso rp t ion  a t  t h e  s h o r t e s t  p o s s i b l e  time a f te r  
shock passage. 

This would imply t h a t  the number d e n s i t y  of C3 per  u n i t  

Therefore ,  t h i s  effect  i s  

Accordingly,  t h e  p re sen t  data were evaluated 50 psec  a f te r  shock passage. 
The temperature and p res su re  a t  t h i s  time, designated T50 and ~ 5 0 ,  were 
2 percent  and 5.5 p e r c e n t ,  r e s p e c t i v e l y ,  g r e a t e r  than the postshock va lues .  
The number d e n s i t i e s  o f  C3 used f o r  t h e  p re sen t  data were obtained by first 
c a l c u l a t i n g  the  number d e n s i t y  immediately behind the shock wave w i t h  t h e  
equ i l ib r ium chemistry program ACE and then us ing  cu rve - f i t  r e l a t i o n s  as a per- 
t u r b a t i o n  on t h i s  va lue  t o  account f o r  t he  change i n  composition as t h e  p re s su re  
and temperature  rose  from t h e  va lues  p2 and T2 t o  ~ 5 0  and T50. 

Spectrum I d e n t i f i c a t i o n  

Since a number o f  gas species are expected t o  be p re sen t  i n  t h e  test-gas 
sample, the po r t ion  of  the  t o t a l  absorp t ion  spectrum which is a t t r i b u t a b l e  t o  
C3 must be determined. 
s p e c i e s  which are predic ted  t o  be p re sen t  behind the  inc iden t  shock wave as a 
func t ion  o f  shock v e l o c i t y .  For t h i s  example, t h e  i n i t i a l  p re s su re  was he ld  
cons t an t  a t  1.72 kPa, which is t y p i c a l  f o r  t he  p re sen t  data. Argon, which of 
course is  t h e  most abundant s p e c i e s ,  has  been omit ted from f i g u r e  IO. The fig- 
u re  shows o the r  important s p e c i e s  p re sen t  t o  be H ,  H2, C ,  C2, C3, C2H, and C3H. 
O f  these, t h e  first four  have we l l - iden t i f i ed  s p e c t r a  which may be recognized 

Figure 10 shows t h e  mole f r a c t i o n s  of  t h e  p r i n c i p a l  
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and sub t r ac t ed  ou t  i f  they appear i n  the  p re sen t  data. The s p e c t r a  of  t he  l a t -  
t e r  two, C2H and C3H, are not  known; t h e r e f o r e ,  any c o n t r i b u t i o n  they may make 
t o  the p resen t  abso rp t ion  data could go unrecognized. However, both species 
have d i s t i n c t l y  d i f f e r e n t  v a r i a t i o n s  w i t h  temperature  than C3, and thus  a com- 
par i son  o f  high-temperature and low-temperature abso rp t ion  s p e c t r a  should be 
h e l p f u l  i n  i d e n t i f y i n g  any con t r ibu t ion  these s p e c i e s  may make. I n  refer- 
ence 19,  a spectrum f o r  C2H was synthes ized  by analogy t o  similar molecules.  
T h i s  synthes ized  spectrum does not  inc lude  any t r a n s i t i o n s  i n  t h e  wavelength 
range of  t he  p re sen t  data. 

RESULTS AND DISCUSSION 

The basic experimental  r e s u l t s  are presented i n  table  I1 f o r  the 3-percent 
ace ty l ene  mixture and table  I11 f o r  the  2-percent mixture.  The shock v e l o c i t y  
and postshock temperature  and p res su re  T50 and ~ 5 0  are t abu la t ed  as wel l  as 
the  abso rp t ion  c r o s s  s e c t i o n s  obtained from the  e i g h t  spectrograph channels .  
For each channel ,  the  c e n t r a l  wavelength f o r  each l i g h t  p ipe  is noted,  and t h e  
corresponding cross -sec t ion  measurement is given d i r e c t l y  below. For c e r t a i n  
wavelength s e t t i n g s  o f  the  grating, some " s t r a y  l i g h t "  was noted on channels  1 
and 2. When t h i s  occurred ,  data from these channels  were not  included i n  t h e  
tables.  Here the  term "s t r ay  l i g h t "  refers t o  l i g h t  emanating from t h e  p u l s e d  
l i g h t  source ,  bu t  o f  the wrong wavelength f o r  t h a t  p a r t i c u l a r  channel.  
grating p o s i t i o n ,  a check f o r  s t r a y  l i g h t  was made by means o f  a ser ies  of  
band-pass f i l t e r s  i n s e r t e d  i n  the  l i g h t  beam a t  the  en t rance  s l i t  t o  t h e  
spec t rograph  . 

A t  each 

Constant-Temperature Survey 

Figure 11  p r e s e n t s  t h e  abso rp t ion  c r o s s  s e c t i o n  f o r  seven runs  i n  which 
the postshock test s ta te  was repea ted  as c l o s e l y  as poss ib l e .  The temperature  
was 3723 f 47 K f o r  these runs ,  which are runs  1 t o  7 i n  table 11. Between 
these runs ,  the  grating p o s i t i o n  was changed t o  move t h e  s p e c t r a l  s e t t i n g  of  
t h e  channels  by about  35 nm. Thus, a complete s p e c t r a l  survey was obtained a t  
n e a r l y  cons t an t  t es t  cond i t ions .  Figure 11 shows t h e  pho tomul t ip l i e r  data fo r  
t h e  seven runs as square symbols. For two o f  these runs ,  t he  data from the  
densi tometer  readings  of  t he  f i l m  are shown as s o l i d  l i n e s .  The data from t h e  
f i l m  are seen t o  be i n  good agreement q u a n t i t a t i v e l y  w i t h  t h e  pho tomul t ip l i e r  
data,  p a r t i c u l a r l y  near  t h e  abso rp t ion  peak, and confirm t h a t  t h e  abso rp t ion  
p r o f i l e  is e s s e n t i a l l y  smoothly vary ing ,  w i t h  t h e  only d i s t i n c t i v e  f e a t u r e s  
being due t o  the  contaminant CN and t h e  band heads of  t he  C2 Swan system. 

I n  order  t o  compare the  p re sen t  r e s u l t s  w i t h  those  of  Brewer and Engelke 
( ref .  81, another  survey was made a t  lower temperature .  Figure 12 shows t h i s  
survey ,  f o r  which the  mean temperature  was 3240 K ,  and t h e  r e s u l t s  o f  refer- 
ence 8 ,  f o r  which the  mean temperature  was 3200 K ( s o l i d  cu rve ) .  
t h i s  l a t te r  curve ,  the  abso rp t ion  data shown i n  f i g u r e  1 o f  r e fe rence  8 were 
used,  and the  number d e n s i t y  $f C 3  was computed by us ing  the thermal data o f  Lee 
and Sanborn ( ref .  15) and A H 0  = 198 kcal/mol.  T h i s  r e s u l t s  i n  a computed C3 
number d e n s i t y  of 8.89 x 1015 molecules/cm3 f o r  the  Brewer and Engelke exper i -  
ment, whereas a number d e n s i t y  o f  2.15 x 1015 molecules/cm3 was obtained by 

To o b t a i n  
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Brewer and Engelkg using t h e  free-energy func t ions  o f  P i t z e r  and Clementi 
(ref.  20) and A H 0  = 188 kcal/mol.  Figure 12 shows t h a t  use of  the  r ev i sed  
number d e n s i t y  b r i n g s  the  furnace  data a t  3200 K of  r e fe rence  8 i n t o  good agree- 
ment w i t h  t h e  p re sen t  shock-tube data a t  It should be  noted t h a t  
the v i o l e t  band system o f  CN and t h e  Swan band system o f  C2 were a l s o  observed 
by Brewer and Engelke but  were "faired" ou t .  (See f i g .  1 o f  ref. 8 . )  

T = 3240 K .  

The data a t  3240 K r ep resen t  t h e  lower temperature  l i m i t  f o r  the  p resen t  
experiment ,  s i n c e  t h e  equi l ibr ium d e n s i t y  program p r e d i c t s  t h a t  s o l i d  carbon 
w i l l  be p re sen t  i n  t h e  flow f o r  lower temperatures .  No effects o f  p a r t i c u l a t e  
carbon are observable  i n  the  data o f  f i g u r e  12. A d i scuss ion  o f  tests designed 
t o  observe p a r t i c u l a t e  carbon is contained i n  a subsequent s e c t i o n  o f  t h e  
r e p o r t .  

No data were presented i n  r e fe rence  8 f o r  wavelengths s h o r t e r  than 370 nm. 
For less than 370 nm, the p resen t  data ( f ig s .  11 and 12) show a con t inua t ion  o f  
the  downward t rend  t o  about  300 nm, a t  which po in t  the c r o s s  s e c t i o n  becomes 
nea r ly  cons t an t  ( f i g .  1 1 ) .  The data f o r  t h i s  s h o r t e s t  wavelength reg ion  (below 
300 nm) must be viewed w i t h  some skept ic i sm.  The l i g h t  ou tput  of  the xenon 
flash lamp was very  low i n  t h i s  r eg ion ,  r e s u l t i n g  i n  poor s igna l - to-noise  r a t i o  
on t h e  pho tomul t ip l i e r  channels  and s u s c e p t i b i l i t y  t o  s t r a y  l i g h t  contaminat ion.  
Also, i n s u f f i c i e n t  data were obtained a t  these wavelengths t o  i n d i c a t e  whether 
the abso rp t ion  was due t o  C3 o r  some o the r  spec ie s .  

Temperature Var i a t ion  o f  Absorption Cross Sec t ion  

For each s e t t i n g  of  the spectrograph g r a t i n g ,  a number of  runs  were made 
wi th  varying shock s t r e n g t h s ,  and t h u s ,  t h e  temperature  effect  on abso rp t ion  
was determined a t  a number of  wavelengths.  
was a v a i l a b l e  wi th  which t o  determine the temperature  effect  on abso rp t ion  c r o s s  
s e c t i o n .  I n  f i g u r e  13,  f o r  s i x  o f  these wavelengths the  exper imenta l ly  deter- 
mined abso rp t ion  cross s e c t i o n  is shown over the temperature  range of  the exper- 
iment. Also shown f o r  each wavelength is a l eas t - squa res  curve f i t  t o  t h e  data 
of the  form 

A t o t a l  o f  26 d i f f e r e n t  wavelengths 

OX = a0  + alT + a2T2 + a3T3 

The cu rve - f i t  equa t ions  may then be used t o  gene ra t e  an approximate spec- 
t ra l  abso rp t ion  p r o f i l e  f o r  any s p e c i f i e d  temperature  wi th in  the  temperature  
range o f  t h e  experiment.  Such p r o f i l e s  are presented f o r  fou r  selected temper- 
a t u r e s  i n  f i g u r e  14,  where the va lue  o f  equat ion  (8) is shown a t  each wavelength 
by a symbol. The v e r t i c a l  bar shows t h e  s tandard  dev ia t ion  o f  the data from t h e  
curve f o r  t h a t  wavelength setting. Absence o f  a bar i n d i c a t e s  i n s u f f i c i e n t  data 
t o  determine s tandard  dev ia t ion .  

The s p e c t r a l  absorp t ion  curve fits shown i n  f i g u r e  14 i n d i c a t e  t h a t  f o r  t h e  
temperature  range 3400 t o  4000 K ,  the  p r o f i l e s  remain q u i t e  similar. 
there appears  t o  be some change wi th  temperature  i n  the  gene ra l  amplitude.  The 
amplitude is h ighes t  a t  the  low temperature  extreme (3400 K) and decreases t o  a 
minimum a t  about  3800 K. 
wavelengths,  with the  minimum usua l ly  occurr ing  near  3800 K.  

However, 

Figure 13 shows t h a t  t h i s  t r end  is d isp layed  a t  most 
A t  temperatures  of  
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4000 K and above, t h e  g e n e r a l  t r end  is f o r  the abso rp t ion  c r o s s  s e c t i o n  t o  
rise, bu t  the very l i m i t e d  data i n  t h i s  temperature range do not  permit a f i r m  
conclusion.  

It can be shown (e .g . ,  ref. 21) t h a t  f o r  a given atomic t r a n s i t i o n ,  t h e  
i n t e g r a l  of the s p e c t r a l  abso rp t ion  c o e f f i c i e n t  is p r o p o r t i o n a l  to  the elec- 
t r o n i c  o s c i l l a t o r  s t r e n g t h .  Thus, 

"0 mcz 

i n  which 0 is  wave number, fe is the e l e c t r o n i c  abso rp t ion  o s c i l l a t o r  
s t r e n g t h ,  .and N is the  number d e n s i t y  o f  the absorbing state. Now, as is 
done f r e q u e n t l y ,  t h e  concept o f  o s c i l l a t o r  s t r e n g t h  w i l l  be assumed t o  apply 
t o  an e n t i r e  molecular t r a n s i t i o n ,  even though there are weaknesses i n  making 
t h i s  assumption. S ince ,  f o r  t he  p re sen t  t r a n s i t i o n ,  t h e  absorbing state is the  
ground s t a t e ,  N may be taken as t h e  t o t a l  number d e n s i t y  o f  C3. Equation ( 9 )  
may then be solved f o r  fe t o  g i v e  

For t he  p re sen t  r e s u l t s ,  the  i n t e g r a l  o f  t h e  abso rp t ion  c r o s s  s e c t i o n  was 
approximated by using the curve f i ts  (eq. (8)) f o r  each wavelength t o  d e f i n e  uu 
as a func t ion  o f  temperature ,  and the  i n t e g r a l  was determined by us ing  the t r a p -  
ezo id  r u l e .  For t h i s  c a l c u l a t i o n ,  c e r t a i n  wavelength channels  were bel ieved 
t o  be inf luenced by the C2 Swan bands, and t h e r e f o r e ,  only 21 channels  were 
included i n  t h e  computation. The r e s u l t s  o f  t h i s  computation are presented i n  
f i g u r e  15. This  f i g u r e  shows t h a t  the  o s c i l l a t o r  s t r e n g t h  v a r i e s  over t h e  tem- 
p e r a t u r e  range o f  t he  experiments from about 0.062 a t  3300 K t o  a minimum of 
0.036 a t  about  3900 K.  
p e r a t u r e  range 3300 t o  4200 K.  

The average o s c i l l a t o r  s t r e n g t h  is 0.047 over the tem- 

An estimate o f  the p o s s i b l e  e r r o r s  i n  the o s c i l l a t o r  s t r e n g t h  i n d i c a t e s  
t h a t  the  g r e a t e s t  u n c e r t a i n t y  l i e s  i n  t h e  c a l c u l a t i o n  of C3 number d e n s i t y  i n  
the  flow. An u n c e r t a i n t y  of 240 percen t  is assigned t o  t h i s  c a l c u l a t i o n ,  which 
is combined with an estimated maximum sys t ema t i c  e r r o r  i n  t h e  abso rp t ion  mea- 
surement o f  +20 pe rcen t  t o  y i e l d  an o v e r a l l  u n c e r t a i n t y  o f  60 pe rcen t .  

I 
l 

Brewer and Engelke ( re f .  8)  c a l c u l a t e  an o s c i l l a t o r  s t r e n g t h  fe o f  
0.13 for t h e i r  experiment.  
lated according t o  the pgesent recommendations (Lee and Sanborn's thermal prop- 
er t ies  (ref.  15) and AH0 = 198 kca l /mol ) ,  the  o s c i l l a t o r  s t r e n g t h  becomes 
0.031. The d i f f e r e n c e  i n  t h i s  value and t h e  value obtained i n  t h e  p re sen t  
experiment is caused by the more ex tens ive  wave-number range over which t h e  
p re sen t  abso rp t ion  data are i n t e g r a t e d .  

However, when the i r  C 3  number d e n s i t y  is recalcu-  



One o f  t h e  major concerns i n  t h e  p re sen t  experiments is whether s o l i d  par-  
t i c u l a t e s  were p resen t  i n  the  test stream. For the  p resen t  t es t  cond i t ions ,  
the ACE computer program p r e d i c t s  t h a t  s o l i d  carbon w i l l  be p re sen t  i f  t h e  
postshock temperature  is below about  3220 K. For t h i s  reason,  the  p resen t  
tests used only runs f o r  which the postshock temperature  was computed t o  be 
3300 K or  greater,  wi th  the  except ion o f  the  low-temperature survey presented  
i n  f i g u r e  12. 

If thermochemical equ i l ib r ium was not  achieved i n  t h e  p re sen t  tes ts ,  and 
as  a r e s u l t ,  t he  test stream contained p a r t i c u l a t e  carbon, the abso rp t ion  
r e s u l t s  would inc lude  the  abso rp t ion  and s c a t t e r i n g  o f  t he  p a r t i c u l a t e s .  Also, 
the a c t u a l  concent ra t ion  o f  carbon-bearing gaseous s p e c i e s  would be lowered 
because o f  the  l o s s  o f  carbon t o  the s o l i d  state. 

I n  order  t o  examine the  effects o f  p a r t i c u l a t e  carbon i n  the test  gas, a 
series of runs  was made a t  postshock temperatures  below 3220 K. 
shows examples of the  abso rp t ion  c o e f f i c i e n t s  measured. As t he  temperature  o f  
the postshock test gas is decreased, t h e  character o f  the  s p e c t r a l  abso rp t ion  
p r o f i l e  changes : t h e  abso rp t ion  c o e f f i c i e n t  i n c r e a s e s  markedly f o r  t h e  sho r t -  
wavelength po r t ion  o f  the  spectrum. Thus, t h e  abso rp t ion  c o e f f i c i e n t  rises 
monotonically wi th  decreasing wavelength a t  temperatures  below 3000 K 
( f ig .  1 6 ( c ) ) ;  whereas a t  temperatures  above 3200 K (e.g., f ig .  1 6 ( a ) ) ,  a max- 
imum occurs  near  400 nm, wi th  decreas ing  abso rp t ion  a t  s h o r t e r  wavelengths.  

Figure 16 

The c a l c u l a t e d  effects o f  p a r t i c u l a t e  abso rp t ion  and s c a t t e r i n g  are a l s o  
shown i n  f i g u r e  16. The abso rp t ion  and s c a t t e r i n g  were c a l c u l a t e d  by the  
method described i n  r e fe rence  22. According t o  re ference  22, most soo t  p a r t i -  
cles are e i t h e r  Ilspheres" o r  long s t r a n d s  wi th  r ad i i  l y i n g  between 10 and 
40 nm, and t h u s  27Ta/X << 1 ,  where a is the p a r t i c l e  r ad ius .  For t h i s  
IIRayleigh region" the abso rp t ion  c r o s s  s e c t i o n   OX.,^, is given as 

where pX is the so-cal led "Rayleigh factor.I1 The abso rp t ion  c o e f f i c i e n t  is 
then 

where is the mass o f  p a r t i c u l a t e s  per  u n i t  flow volume and pc is  the  
d e n s i t y  o f  carbon. I n t e r p o l a t e d  va lues  f o r  p i  as a func t ion  o f  wavelength 
were obtained from the  t abu la t ed  va lues  given i n  r e fe rence  22. 

The Rayleigh s c a t t e r i n g  c r o s s  s e c t i o n  is given i n  r e fe rence  11 as 
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where V is  t h  
of  
re 

p a r t i  l e  volume and N1 + iN2 is the  complex r e f r a c t i v e  index 
the  carbon p a r t i c l e s .  Values f o r  N 1 2  - N22 and 2NlN2 were obtained from 

ference  23. The c o n t r i b u t i o n  t o  the e x t i n c t i o n  c o e f f i c i e n t  due t o  Rayleigh 
scattering is  then given by 

I n  f i g u r e  16, the t o t a l  c o n t r i b u t i o n  t o  the e x t i n c t i o n  c o e f f i c i e n t  due t o  par- 
t i c l e  abso rp t ion  and s c a t t e r i n g  is shown f o r  an assumed p a r t i c l e  r a d i u s  a o f  
30 nm. Since the  absorp t ion  term dominates and is independent of  p a r t i c l e  
r a d i u s ,  t h e  r e s u l t i n g  t o t a l  is not  very s e n s i t i v e  t o  assumed p a r t i c l e  s i z e .  
The c a l c u l a t e d  e x t i n c t i o n  c o e f f i c i e n t s  have been reduced by a f a c t o r  of  4 i n  
o rde r  t o  compare them better w i t h  the experimental  data. It is  seen i n  fig- 
ure 16 t h a t  the change i n  the  na tu re  o f  t h e  experimental  abso rp t ion  p r o f i l e  as 
t h e  temperature is reduced below 3000 K may be ascribed t o  the  effects of  par- 
t i c u l a t e  carbon. The fact t h a t  t he  e x t i n c t i o n  c o e f f i c i e n t  is lower by about a 
f a c t o r  o f  4 than the c a l c u l a t e d  l e v e l  sugges ts  t h a t  less p a r t i c u l a t e  carbon is 
p resen t  i n  the experiment than is c a l c u l a t e d .  These r e s u l t s  s t r o n g l y  suggest  
t h a t  no appreciable amount of  p a r t i c u l a t e  carbon is p resen t  a t  the higher tem- 
p e r a t u r e s  f o r  which the  present  experimental  program was conducted. 

CONCLUDING REMARKS 

The s p e c t r a l  abso rp t ion  p r o p e r t i e s  o f  t r i a t o m i c  carbon C 3  have been mea- 
sured i n  a shock tube  conta in ing  a test-gas mixture o f  ace ty l ene  d i l u t e d  wi th  
argon. The temperature  behind the  i n c i d e n t  shock ranged from about  3240 t o  
4300 K ,  and t h e  corresponding p res su re  va r i ed  from 37 t o  229 kPa. Appreciable 
abso rp t ion  was measured a t  wavelengths from about  300 nm t o  about  540 nm. 
Absorption was a l s o  noted below 300 nm, bu t  t h e  lack o f  s u f f i c i e n t  data and t h e  
poor s igna l - to-noise  r a t i o  i n  t h i s  wavelength range precluded a firm determina- 
t i o n  t h a t  t h i s  short-wavelength abso rp t ion  was due t o  C3. 

The abso rp t ion  p r o f i l e  was very similar t o  t h a t  measured by Brewer and 
Engelke (J. Chem. Phys., vo l .  36, no. 4 ,  Feb. 1962) i n  a furnace a t  3200 K .  
They d i d  not  make measurements below 370 nm and t h u s  d i d  not  inc lude  the  shor t -  
wavelength po r t ion  o f  the p r o f i l e  determined i n  the  present  s tudy .  However, 
f o r  the overlapping range o f  wavelengths o f  the two experiments ,  the r e s u l t s  
are i n  good agreement. 

Data taken f o r  a narrow passband a t  s p e c i f i c  wavelengths over a range o f  
temperature  and p res su re  r e v e a l  a temperature  v a r i a t i o n  o f  the  s p e c t r a l  absorp- 
t i o n  c r o s s  s e c t i o n .  Curve fits f o r  these data were obtained f o r  21 wavelengths,  
and these curve fits can be used t o  c o n s t r u c t  approximate s p e c t r a l  p r o f i l e s  f o r  
any selected temperature  wi th in  t h e  v a l i d  range o f  the  data. I f  such p r o f i l e s  
are i n t e g r a t e d  w i t h  r e s p e c t  t o  wave number, an e l e c t r o n i c  o s c i l l a t o r  s t r e n g t h  
is obtained f o r  the t r a n s i t i o n .  T h i s  o s c i l l a t o r  s t r e n g t h  va r i ed  from 0.062 t o  
0.036 over t h e  temperature  range 3300 t o  4200 K and may be compared wi th  a va lue  
o f  0.13 quoted by Brewer and Engelke o r  a va lue  of  0.031 i f  the  number dens i ty  
o f  the i r  experiment is reeva lua ted .  



The absorp t ion  c r o s s  s e c t i o n  is determined not  on ly  by the  abso rp t ion  
c o e f f i c i e n t  measured, bu t  a l s o  by the  computed number d e n s i t y  o f  the  absorbing 
state.  T h i s  lat ter q u a n t i t y  was computed i n  the  p resen t  s tudy by use o f  an 
equ i l ib r ium,  free-energy-minimization computer program which assumed a va lue  
o f  the  hea t  o f  formation f o r  C3 of  198 kcal/mol a t  a temperature  of  0 K.  
thermal p r o p e r t i e s  o f  C3 were taken from t h e  c a l c u l a t i o n s  o f  Lee and Sanborn 
( H i g h  Temp. Sci . ,  vo l .  5 ,  no. 6 ,  Dec. 1973). 

The 

S o l i d  carbon p a r t i c u l a t e s  were not  expected t o  be p resen t  a t  the  postshock 
temperatures  o f  the p resen t  tests, on the  basis of  the  equ i l ib r ium c a l c u l a t i o n s .  
I n  o rde r  t o  examine t h e  effects o f  p a r t i c u l a t e s ,  a few runs  were made a t  lower 
tempera tures ,  where s o l i d  carbon was ca lcu la t ed  t o  be a part  of  an equ i l ib r ium 
composition. A s  the  temperature  was decreased below 3000 K ,  the  abso rp t ion  
p r o f i l e  underwent a d i s t i n c t  change and assumed a shape similar t o  that  which 
is c a l c u l a t e d  fo r  absorbing and scattering Rayleigh p a r t i c l e s .  The experimental  
p r o f i l e  was, however, lower than the  c a l c u l a t e d  p r o f i l e  by about a f a c t o r  o f  4, 
suggesting that  less carbon was i n  the  s o l i d  s ta te  than was c a l c u l a t e d .  It was 
concluded, t h e r e f o r e ,  tha t  i n  the p resen t  tests,  the  test gas a t  postshock tem- 
p e r a t u r e  above 3300 K was free o f  s o l i d  carbon p a r t i c u l a t e s .  

Langley Research Center 
Nat iona l  Aeronaut ics  and Space Adminis t ra t ion 
Hampton, VA 23665 
February 1 ,  1978 
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THERMAL PROPERTIES OF C 3  

The de te rmina t ion  o f  the concen t r a t ion  of C3 behind t h e  shock wave f o r  
the p resen t  test cond i t ions  assumes t h a t  thermochemical equi l ibr ium has been 
a t t a i n e d  i n  t h e  flow, and c o n s i s t s  o f  minimizing the Gibbs free energy f o r  t h e  
mixture of  s p e c i e s  which are p r e s e n t .  This c a l c u l a t i o n  r e q u i r e s  a d e f i n i t i o n  
o f  t h e  temperature-dependent thermodynamic p r o p e r t i e s  f o r  each spec ie s .  I n  
o rde r  t o  have a common re fe rence  po in t  f o r  a l l  s p e c i e s ,  t h e  en tha lpy  is 
referred t o  t h e  elements i n  t h e i r  most n a t u r a l  form at  298 K and a p res su re  
o f  1 atm. I n  t h i s  form, the equat ion f o r  s t a t i c  en tha lpy  is 

Equation ( A l l  shows that  the  heat of formation AH598 is requi red  f o r  
each s p e c i e s  which is t o  be considered i n  t h e  f i n a l  mixture.  I n  t h i s  appendix 
the a v a i l a b l e  information on t h e  thermodynamic p r o p e r t i e s  and heat o f  formation 
of  C3 is reviewed i n  o rde r  t o  assess the u n c e r t a i n t y  i n  ca l cu la t ed  number den- 
s i t ies .  A thorough review of  the state of knowledge of  carbon vapor i za t ion  as 
of  1969 is given i n  r e fe rence  24. 
bu t  i nc ludes  data and c a l c u l a t i o n s  publ ished s i n c e  1969. 

T h i s  appendix a t t empt s  a much briefer review, 

Evaluat ion o f  Vapor-Pressure Data 

The hea t  of formation of C3 has  not  been e s t a b l i s h e d  t o  a s a t i s f a c t o r y  
degree o f  accuracy,  d e s p i t e  t he  number of experiments which have b.;en conducted 
t o  determine t h i s  quan t i ty .  The experiments are based on the vapor i za t ion  o f  
graphite.  The chief experimental  d i f f i c u l t y  is the  de termina t ion  o f  t h e  frac- 
t i o n  o f  t o t a l  vapor p re s su re  which is due t o  the p a r t i a l  p re s su re  o f  C3. 

The vapor-pressure d a t a  are commonly analyzed by two methods, referred t o  
as t h e  second-law method and t h e  th i rd- law method. The second-law method makes 
use of t h e  Clausius-Clapeyron equat ion ,  w i t h  assumptions t h a t  ' t h e  vapor behaves 
as an ideal gas and the  changes i n  specific volume of  the s o l i d  are n e g l i g i b l e  

I 

1 

\ --- , 
d (  1 /T)  1 -  --- 

The logar i thm o f  t h e  experimental  va lues  o f  t h e  pa r t i a l  p re s su re  o f  C3 i s ' p l o t -  
t ed  a g a i n s t  the inve r se  o f  t h e  vapor temperature ,  and the heat o f  formation may 
t h u s  be i n f e r r e d  from t h e  s lope  o f  the l i n e  through the  data. 

The advantage of  t he  second-law method l i es  i n  t h e  fact  t h a t  only r e l a t i v e  
va lues  o f  p re s su re ,  no t  abso lu t e  va lues ,  are requi red .  Since the p a r t i a l  pres-  
s u r e  o f  C 2  is usua l ly  obtained from mass spectrometer  r ead ings ,  t h e  s c a l i n g  
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f a c t o r s  which are used t o  convert  the  spectrometer  s i g n a l  o f  the  C3 mass peak 
t o  p a r t i a l  p re s su re  do not  i n f luence  the  s lope  of  the curve.  The chief d isad-  
vantage o f  t h i s  method is t h a t  t he  equat ion y i e l d s  the  heat of  formation a t  the  
temperature  T o f  t h e  p re s su re  measurements. Now i f  only a small range o f  
temperature  is used i n  the  experiments ,  an accu ra t e  de te rmina t ion  o f  t h e  s l o p e  
o f  the l i n e  through the data is d i f f i c u l t .  If a wide range of  temperature  is 
used i n  t h e  experiment,  the data may not  be expected t o  be a long a s t r a igh t  
l i n e ,  s i n c e  the hea t  of  formation is ,  i n  gene ra l ,  temperature  dependent. 

The hea t  o f  formation a t  t h e  temperature  T may be converted t o  the  va lue  
a t  the re ference  temperature  by Kirchhoff ' s  equat ion:  

(A31 

where t h e  s u b s c r i p t s  ref and T denote the r e fe rence  temperature  and the 
given temperature .  Both 0 K and 298.15 K have been used as t h e  r e fe rence  tem- 
pe ra tu re .  However, data based on one r e fe rence  temperature  may be converted t o  
another  r e fe rence  by equat ion  ( A 3 ) .  Note tha t  equat ion (A31 r e q u i r e s  a knowl- 
edge o f  t he  enthalpy-temperature v a r i a t i o n  f o r  both t h e  vapor and s o l i d  s ta tes .  

The third- law method makes use of t he  free-energy func t ion  and may be 
w r i t t e n  

- href AH:e f ) - ( G ~  -Thref) 
( A 4 1  - -  - -R I n  p + 

('T s o l i d  vapor T 

Reference 26 d i s c u s s e s  the  eva lua t ion  of  vapor i za t ion  data by t h e  second-law 
and third- law methods. Although the  t h i r d  law al lows a de termina t ion  o f  t he  
heat o f  formation from a s i n g l e  measurement, it r e q u i r e s  a knowledge of  t h e  
Gibbs free energy f o r  both the  vapor and s o l i d  s ta tes .  Furthermore,  t h e  cal- 
c u l a t i o n  now depends upon an abso lu te  de te rmina t ion  of  t he  s p e c i e s  vapor 
p re s su re  p. 

It is common p r a c t i c e  t o  eva lua te  a set  o f  data by both the second-law and 
t h e  third- law methods, t o  note  the  cons is tency  o f  r e s u l t s .  However, t h e  r e s u l t s  
o f  t he  th i rd- law method are t o  be p re fe r r ed  over those  of  the  second-law method, 
because eva lua t ion  of  each data poin t  is independent o f  t h e  o t h e r s .  This  a l lows  
t r e n d s  w i t h  temperature  or i n c o n s i s t e n t  data p o i n t s  t o  be noted more e a s i l y .  

The foregoing d i scuss ion  has reviewed these data eva lua t ion  methods i n  
o rde r  t o  emphasize the  importance of  an accu ra t e  knowledge of the  thermodynamic 
p r o p e r t i e s  o f  the s p e c i e s  under s tudy.  S p e c i f i c a l l y ,  the en tha lpy  and Gibbs  
free energy must be known over the  temperature range of  i n t e r e s t ,  and i f  a 
change is  made i n  t h e  assumed v a r i a t i o n  of  enthalpy and Gibbs energy wi th  tem- 
p e r a t u r e ,  t h e  data w i l l  y i e l d  a d i f f e r e n t  va lue  o f  heat of  formation.  

Thermodynamic Funct ions o f  C3 

The free-energy func t ion  f o r  C3 was calculated by Glockler  (ref.  27) i n  
1954. 

20 

He assumed a m u l t i p l i c i t y  of  5 f o r  t h e  ground state and a bending fre- 
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quency of 353 cm-l and estimated the heat o f  formation as 212.3 kcal/mol. H i s  
c a l c u l a t i o n  was based on t h e  s tandard  r i g i d - r o t o r  harmonic-osc i l la tor  model. 
I n  1959 P i t z e r  and Clementi ( r e f .  20) co r rec t ed  the  m u l t i p l i c i t y  o f  t he  ground 
s ta te  t o  1 and recomputed t h e  free-energy func t ion  and t h e  enthalpy us ing  a 
bending frequency o f  550 cm-l. 
and Rosen ( ref .  3 )  publ ished a d e t a i l e d  spec t roscop ic  a n a l y s i s  o f  C 3 ,  conclud- 
ing  t h a t  the bending frequency o f  the ground e l e c t r o n i c  s ta te  was o f  t h e  order  
o f  65 cm-l f o r  t h e  first few l e v e l s .  This  low bending frequency created a 
d i f f i c u l t y  i n  c a l c u l a t i n g  the thermal f u n c t i o n s ,  f o r  as shown by Robie t te  and 
S t r a u s s  ( r e f .  281, t h e  assumption o f  a harmonic o s c i l l a t o r  wi th  the  lower va lue  
of  bending frequency causes  t h e  ca l cu la t ed  entropy t o  be too  high compared w i t h  
t h a t  obtained from t h e  temperature  measurements. For example, Thorn and Winslow 
(ref.  29) ca l cu la t ed  a va lue  o f  entropy 
p res su re  measurement, and Robie t te  and Strauss (ref.  28) i n t e r p r e t e d  t h e  pres- 
s u r e  measurements of Drowart e t  a l .  ( r e f .  13) t o  y i e l d  S2400 = 76.1 eu.  
Robie t te  and S t r a u s s  showed, however, t h a t  a t  2400 K a harmonic-osc i l la tor  
c a l c u l a t i o n  wi th  a bending frequency o f  63 cm-1 y i e l d s  an entropy o f  85.56 eu. 
They showed t h a t  t h e  entropy can be reduced by about  3 eu by t ak ing  t h e  quart ic  
anharmonicity i n t o  account .  

However, i n  1965 Gausset , Herzberg, Lagerqvis t  , 

S2400 o f  77.41 eu from t h e i r  vapor- 

S t r a u s s  and Thie le  ( ref .  30) ca l cu la t ed  the thermal p r o p e r t i e s  o f  C3 us ing  
the spec t roscop ic  data of Gausset e t  a l .  (ref, 3) and account ing f o r  r o t a t i o n -  
v i b r a t i o n  i n t e r a c t i o n .  However, as they poin ted  o u t ,  only t h e  first few l e v e l s  
of  the bending v i b r a t i o n  have been measured, so t h a t  the p o t e n t i a l  func t ion  
must be based on a very l i m i t e d  set of  energy l e v e l s .  They show tha t  i n c l u s i o n  
of t h e  q u a r t i c  anharmonicity lowers the  entropy a t  2400 K by about 2 .8  eu ,  and 
i n c l u s i o n  of  the v i b r a t i o n - r o t a t i o n  coupl ing lowers it by another  1.1 e u ,  t o  a 
va lue  o f  81.4. 
d r a s t i c a l l y  above a bending angle  o f  0 . 4 ~ ,  t h e  c a l c u l a t e d  entropy cannot be  
lowered below S2400 = 79.8 eu.  It appears  t h e r e f o r e ,  t h a t  t he  bes t  ca l cu la -  
t i o n  method cannot compute entropy va lues  as low as those  i n f e r r e d  from t h e  
experiments o f  r e fe rences  I3 and 29. 

Fu r the r ,  they demonstrated t h a t  even i f  the  p o t e n t i a l  increased  

The JANAF tables ( r e f .  26) adopted a p o t e n t i a l  func t ion  which makes use  
o f  the  v i b r a t i o n a l  f requencies  measured by Gausset e t  a l .  ( r e f .  3 )  f o r  the  low 
l e v e l s  and then  s teepens  t o  f i t  a v i b r a t i o n a l  frequency i n t e r v a l  o f  650 cm-l 
f o r  higher l e v e l s .  The va lue  of  650 cm-l i s  admi t ted  t o  be a r b i t r a r y  and was 
selected t o  y i e l d  func t ions  which approximate experimental  data. Their  va lue  
of  entropy a t  2400 K is S2400 78.4 eu .  

Hansen and Pearson ( r e f .  31) used a q u a d r a t i c a l l y  per turbed  square well 
p o t e n t i a l  i n  a quantum c a l c u l a t i o n  t o  approximate the  spec t roscopic  data of  C3. 
The maximum molecular bending a t  the  p o t e n t i a l  wall was 640 f o r  t h i s  model, 
which is i n  c l o s e  agreement w i t h  S t r a u s s  and Th ie l e ' s  approximate model 
( r e f .  301, which steepened the  p o t e n t i a l  a t  a bending angle  o f  0 . 4 1 ~  rad,  or  
72O. 
o f  S2400 = 79.68 eu ,  and concluded t h a t  t h e i r  l i m i t i n g  c a l c u l a t i o n  thereby  
suppor ts  the c a l c u l a t i o n  of  S t r a u s s  and Thie le .  

From t h e i r  a n a l y s i s ,  Hansen and Pearson c a l c u l a t e d  an entropy a t  2400 K 

Lee and Sanborn ( ref .  15) a l s o  c a l c u l a t e d  the thermal p r o p e r t i e s  of  C3 by 
developing a s p e c i a l  p o t e n t i a l  model. Thei r  anharmonic model f o r  the lower 
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v i  brat  ion 1 l e v e l s  f i t  t he  da t  f Gausset e t  a l .  (ref.  31, and f o r  h igher  
v i b r a t i o n a l  l e v e l s  the  term d i f f e r e n c e  approaches 308 cm-l, t h e  bending 
frequency o f  t h e  first exc i t ed  s ta te .  They a l s o  included t h e  e l e c t r o n i c  
c o n t r i b u t i o n  t o  the  p a r t i t i o n  func t ion ,  which had been neglec ted  i n  t h e  o t h e r  
t r ea tmen t s .  However, they used a r i g i d - r o t o r  assumption and t h u s  neglec ted  
v i b r a t i o n - r o t a t i o n  i n t e r a c t i o n .  Lee and Sanborn showed t h a t  t h e i r  r e s u l t s  are 
i n  c l o s e  agreement w i t h  those  of  S t r a u s s  and Th ie l e  ( r e f .  30) when they  omit ted 
the  e l e c t r o n i c  c o n t r i b u t i o n .  They used t h e  e l e c t r o n i c  energy l e v e l s  given by 
P i t z e r  and Clementi ( r e f .  20) i n  computing t h e  e l e c t r o n i c  c o n t r i b u t i o n  t o  t h e  
p a r t i t i o n  func t ion .  

Figure 17 compares the  s p e c i f i c  heat a t  cons t an t  p re s su re ,  t h e  en tha lpy ,  
t h e  en t ropy ,  and t h e  Gibbs energy func t ion  as c a l c u l a t e d  by r e fe rences  15, 26, 
30, and 31. The d i f f e r e n c e s  between t h e  c a l c u l a t i o n s  are most accentua ted  i n  
cp, but  are apprec iab le  i n  t he  o t h e r  func t ions  as well. 
as computed by Lee and Sanborn are seen t o  be q u i t e  c l o s e  t o  those  by S t r a u s s  
and Thiele  throughout t he  temperature  range. About h a l f  t h e  d i f f e r e n c e  between 
t h e s e  curves  may be a t t r i b u t e d  t o  the  e l e c t r o n i c  c o n t r i b u t i o n  which Lee and 
Sanborn inc luded .  

The Gibbs func t ions  

The c a l c u l a t i o n s  o f  S t r a u s s  and Thiele ( r e f .  30) would appear t o  be t h e  
most r i go rous  t rea tment  of  t h e  C3 molecule w i t h  the  spec t roscop ic  data a v a i l -  
able, except  f o r  omission of  t h e  e l e c t r o n i c  c o n t r i b u t i o n  t o  t h e  p a r t i t i o n  func- 
t i o n .  S ince  the  r e s u l t s  o f  Lee and Sanborn are i n  accep tab le  agreement wi th  
t h e  r e s u l t s  o f  S t r a u s s  and Th ie l e  when the e l e c t r o n i c  c o n t r i b u t i o n  is omi t ted ,  
t h e i r  thermal func t ions  (ref.  15) seem t o  be the  b e s t  choice .  Lee and Sanborn 
a l s o  presented thermal func t ions  f o r  C4 through C7. 
t ies  f o r  C1 and C2 were extended t o  10 000 K.  
ert ies f o r  the  carbon s p e c i e s  up t o  C7 are a v a i l a b l e  i n  r e fe rence  15 f o r  carbon 
vapor c a l c u l a t i o n s .  

I n  a d d i t i o n ,  the proper- 
Thus a c o n s i s t e n t  set o f  prop- 

For t h e  reasons s ta ted,  t h e  equi l ibr ium c a l c u l a t i o n s  o f  t h i s  s tudy  used 
curve fits t o  the  c a l c u l a t e d  data of Lee and Sanborn f o r  the  thermodynamic 
func t ions  o f  C3. 

One f u r t h e r  p o i n t  o f  i n t e r e s t  may be noted regard ing  the  eva lua t ion  o f  
the va r ious  c a l c u l a t i o n s  o f  thermal p r o p e r t i e s .  The most nagging problem has 
been the  fact  t h a t  each o f  t he  c a l c u l a t i o n s  y i e lded  higher entropy va lues  than  
those  measured by Drowart e t  a l .  (ref.  13) and Thorn and Winslow (ref.  291, and 
r e so lv ing  the  low bending frequency w i t h  the  experimental  entropy va lues  seemed 
impossible .  I n  1972, however, Wachi and Gi lmar t in  ( re f .  32) made new vapor- 
p r e s s u r e  measurements w i t h  a calibrated mass spec t rometer  and a Knudsen e f fu -  
s i o n  ce l l .  They quoted experimental  e n t r o p i e s  a t  2400 and 2700 K as 
S2400 = 81.47 eu and S2700 = 82.91 eu. These va lues  are shown i n  f ig-  
u r e  17(c)  and are i n  e x c e l l e n t  agreement w i t h  the c a l c u l a t i o n  of  S t r a u s s  and 
Thiele  (ref.  30) and i n  acceptab le  agreement w i t h  the  c a l c u l a t i o n  o f  Lee and 
Sanborn (ref.  15 ) .  Thus, i f  one assumes t h a t  the measurements o f  Wachi and 
Gi lmar t in  are s u p e r i o r  t o  the  ear l ier  ones,  t he  discrepancy between theory  and 
experiment is resolved on t h i s  p o i n t .  
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Heat o f  Formation o f  C3 

I n  the  previous  s e c t i o n ,  reasons  were given f o r  choosing t h e  c a l c u l a t e d  
data o f  Lee and Sanborn (ref.  15) f o r  curve f i t t i n g  the  equ i l ib r ium ca lcu la -  
t i o n s  o f  t h e  p re sen t  s tudy.  Having made a choice ,  t h e  va r ious  experimental  
vapor-pressure measurements may now be compared us ing  t h e  same thermal proper ty  
data f o r  each. I n  a d d i t i o n  t o  the  measurements o f  Drowart e t  a l .  ( ref .  13), 
mass spectrometer  measurements have a l s o  been made by Wachi and Gi lmar t in  
(ref.  321, by Milne e t  a l .  (ref. 331, and by Zavi tsanos and Carlson (ref. 34) .  

The conversion o f  mass spectrometer  s i g n a l  l e v e l  t o  p a r t i a l  p re s su re  
r e q u i r e s  s e v e r a l  conversion f a c t o r s  r e l a t i n g  t o  i o n i z a t i o n  c r o s s  s e c t i o n ,  sec- 
ondary e l e c t r o n  y i e l d s  o f  t he  e l e c t r o n  m u l t i p l i e r ,  and spectrometer  t ransmis-  
s i o n  c o e f f i c i e n t .  I n  r e fe rence  35, Meyer and Lynch made a c a r e f u l  eva lua t ion  
o f  t he  f a c t o r s  affecting spectrometer  response,  recommended new conversion fac- 
t o r s ,  and reeva lua ted  the  data o f  r e fe rences  13 and 34. They a l s o  included the  
data o f  r e fe rence  32, bu t  s i n c e  Wachi and Gi lmar t in  used gold and c o b a l t  t o  
calibrate t h e i r  mass spec t rometer ,  t h e i r  conversion f a c t o r s  were not  r ev i sed .  
Meyer and Lynch then used the  thermal p r o p e r t i e s  o f  S t r a u s s  and Thiele 
(ref.  30) t o  reduce the  data. 

I n  the  p resen t  s tudy the  conversion f a c t o r s  of Meyer and Lynch ( ref .  35) 
were adopted and app l i ed  t o  the  data of  r e fe rences  13, 33, and 34. The data o f  
Wachi and Gi lmar t in  (ref.  32) were used without  c o r r e c t i o n .  The r e s u l t i n g  par-  
t i a l  p re s su re  o f  C3  is shown i n  f i g u r e  18 as a func t ion  of  the  inve r se  tempera- 
t u r e  1/T.  

It was deemed h igh ly  desirable t o  inc lude  data obtained by a d i f f e r e n t  
method, and i n  a d i f f e r e n t  temperature range;  t h e r e f o r e ,  t h e  data o f  Lundell  
and Dickey (ref.  36) have a l s o  been included i n  f i g u r e  18. Lundell  and Dickey 
used a powerful laser t o  vapor ize  g r a p h i t e ,  and i n f e r r e d  the  t o t a l  vapor pres-  
s u r e  from the  su r face  r eces s ion  rate. Figure 18 inc ludes  the  f i v e  data p o i n t s  
f o r  which Lundell  and Dickey s ta te  t h a t  t h e  cond i t ion  o f  pure carbon vapor a t  
the  su r face  was achieved.  The p a r t i a l  p re s su re  of  C3 was computed by s u b t r a c t -  
ing the c a l c u l a t e d  p a r t i a l  p re s su res  of C and C2 from t h e  t o t a l  vapor pressure .  
The c o n t r i b u t i o n s  o f  C4 and larger molecules are expected t o  be n e g l i g i b l e ;  how- 
eve r ,  note  that  neg lec t  of  these s p e c i e s  means tha t  the  p res su re  shown i n  f ig- 
u re  18 f o r  these data is an upper l i m i t  f o r  t he  p a r t i a l  p re s su re  of  C3. 

formation by us ing  the  th i rd- law method (eq .  ( A 4 ) )  and the  thermal p r o p e r t i e s  
o f  Lee and Sanborn (ref. 15). For the  thermal p r o p e r t i e s  o f  s o l i d  state car- 
bon, the  curve fits o f  Gordon and McBri.de ( ref .  371, which f i t  the va lues  given 
i n  the JANAF tables (ref.  261, were used. 

A l l  t h e  vapor-pressure data shown i n  f i g u r e  18 were reduced t o  heat of  

The average va lue  o f  heat of  formation f o r  a l l  data shown i n  f i g u r e  18 is 
AH; = 197.85 kcal/mol.  However, i t  may be argued t h a t  t h i s  method of  averaging 
t ends  t o  bias toward the  experiments w i t h  the  most data p o i n t s ;  t h e r e f o r e ,  the  
data were a l s o  averaged by experimenter .  The,resul ts  are shown i n  t h e  table on 
the  fol lowing page and g i v e  an average o f  AH0 = 199.50 kcal/mol. 
t i o n  o f  a second-law va lue  does not  appear t o  be h e l p f u l .  S ince  the  heat of  
formation v a r i e s  w i t h  temperature ,  and s i n c e  t h e  composite data cover a wide 

Determina- 
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I n v e s t i g a t o r s  Average AH;,l 
k c a l h o l  

. . . . . . . .  197.25 
Wachi and Gi lmar t in  ( re f .  32) . . . . . . . . . . . . . . . . .  200.84 
Zavitsanos and Carlson (ref.  34) . . . . . . . . . . . . . . .  198.73 
Milne, Beachey, and Greene (ref.  33) . . . . . . . . . . . . .  196.22 
Lundell and Dickey (ref.  36) . . . . . . . . . . . . . . . . .  204.48 

. . . . . . . . . . . . . . . . . . . . . . . . .  199.50 
Overall  average o f  a l l  data p o i n t s  . . . . . . . . . . . .  197.85 
Average 

Drowart, Burns, DeMaria, and Inghram ( r e f .  13) 

temperature range, a s i n g l e  s t r a i g h t - l i n e  f i t  is not meaningful. Moreover, the 
l o c a l  s lope  o f  a curve f i t  through the data is very dependent on the a n a l y t i c a l  
f o p  o f  t he  assumed curve. 
AH0 
o f  AH0 = 194, 198, and 202 kcal/mol. 

I n  order  t o  i l l u s t r a t e  t h e  cu rva tu re  o f  a cons t an t  
cvrve,  three computed curves  are shown i n  f i g u r e  18 f o r  cons t an t  va lues  

The conclusion drawn from t h i s  reexamination of carbon data is tha t  t h e  
range o f  va lues  f o r  the  heat o f  formation o f  C3 which may be  defended is from 
197.85 t o  199.50 k c a l h o l .  A va lue  o f  198 k c a l h o l  was selected fo r  the  pres- 
e n t  study and incorpora ted  i n t o  the computer code which was used t o  determine 
Cq number d e n s i t i e s  f o r  the tes t  conditi ,ons.  

I ’  
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TABLE I.- SHOCK-TUBE INSTRUMENTATION PORT LOCATIONS AND TYPE OF DETECTOR 

Stat ion  D i s t a n c e  from 
d iaphragm,  m 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 ( t e s t  window) 
12 

2.889 
4.417 
5.925 
7.447 
8.357 
8.662 
9.566 

11.092 
12.617 
14.126 
14 3 4 0  
15.149 

a A b b r e v i a t i o n  for  t y p e  of d e t e c t o r :  
H.T. t h i n - f i l m  h e a t - t r a n s f e r  gage 
P. p r e s s u r e  t r a n s d u c e r  
P.M. p h o t o m u l t i p l i e r  

Detector 
( a )  

H.T. 
P. 
P.  

H.T. 
P .M. 

P. 
P. 
P. 

H.T. 
P. 

P.M. 
P. 
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TABLE 11.- TEST CONDITIONS AND MEASURED ABSORPTION CROSS SECTIONS 

FOR TEST-GAS MIXTURE: 2.99 PERCENT C2H2, 97.01 PERCENT ARGON 

A, nm, and OX x l oA8 ,  cm2,* 
for spectrograph channel - 

Rur 
2 

266 
- 

4 

297 

- 
8 

353 

2.80 

388 

3.90 

423 

1.64 

458 

3.96 

493 

3.51 

528 

1.41 

563 

0 

537 

1.47 

537 

1.03 

537 

1.94 

1 

254 

3 

282 

5 

31 1 I 
1 

- 

2 

- 

3 
- 

4 

2237 3709 105 2.22 

2240 3717 105 2.23 

2237 3709 104 2.21 

2256 3771 106 2.24 

1.45 

302 

__ 
1.61 1.87 1.80 

317 

1.30 

289 333 346 

1.80 1.50 2.20 2.50 3.00 

337 

2.34 
- 

38 1 

3-90  

325 

2.23 

352 

2.86 

360 373 388 416 

2.77 3.28 

408 
- 

2.80 

438 
- 

3.18 

423 

1.65 

45 1 396 
5 

4.17 2.72 1.61 1.13 0.82 

43 1 444 459 473 
- 

0.47 

486 500 515 -i- 0.70 2.56 
6 

1.55 0.81 0.98 0.30 

466 479 

0.23 
___ 

494 508 52 1 5351 550 
7 

- 

8 

- 

9 

- 

10 

0.20 1.46 

426 

2.04 

426 

- 

- 

- 

0.17 0.12 0.49 

482 512 

0.58 1.83 

482 512 

1.17 2.14 

482 512 

1.05 2.14 

454 

0.72 

454 

1.01 

397 

4.87 

397 

21 57 

21 49 

2152 

3550 110 2.07 

3532 109 2.02 

3540 109 2.04 

5.39 2.46 

397 426 

2.67 
- 

- 

454 

5.83 1.22 

* For each spectrograph channel and each run ,  X is 
0, on the bottom l i n e .  

given on t h e  t o p  l i n e ;  
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TABLE 11. - Continued 

- 

Run 

- 

11 

- 

12 

- 

13 

- 

14 

_. 

15 

- 

16 

- 

17 

- 

18 

- 

19 

- 

20 

- 

A ,  nm, and OX x 10l8,  cm2,* I 
T50 I 

K 

__ 

3375 

- 

3722 

- 

3724 

__ 

4225 

spec t rograph  channel  - I VS 9 

m/sec 

2046 

'50 9 

:Pa 

- 

I96 

I 1  3 

397 

5.90 

I 

2.15 E 426 454 482 512 537 

2.66 1.59 1.06 1.36 0.55 

~ 

3.16 

I 

397 426 454 482 512 

1.97 0.92 0.69 1.35 

426 454 482 512 

1.91 0.87 0.53 1.13 

426 454 482 512 

3.44 1.27 1.22 5.30 

I63 

__ 

?2 9 

__ 

78 

3.23 2224 

2210 

2509 

3.81 

397 

4.43 

397 

4.38 

I 

397 426 454 482 512 537 

2.62 1.16 1.22 1.65 0.65 

434 461 490 520 545 

1.55 0.69 0.50 0.49 0.11 

2136 3565 ?14 

- 

I17 

4.97 

405 

3.92 
3676 

___ 

3662 

2217 

405 
2.36 _:I I16 2209 

2246 

4.13 

I 405 
1.83 370c 84 

3.08 

405 

2.16 
2454 408€ 58 0.79 I-- 

I 405 
3.78 2170 222 

3.59 1.76 0.84 0.73 1.16 0.64 I ---- 
*For each spec t rograph  channel and each run ,  A is g iven  on the  top  l i n e ;  

, on the bottom l i n e .  
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TABLE 11. - Continued 

A ,  nm, and ul x 10l8,  cm2,* I 
T50 9 

K 

- 

3896 

- 

410: 

- 

3721 

fo r  g I spec trogGaph channel - 950 9 

{Pa 

- 

128 

- 

102 

- 

37 

- 

53 

- 

62 

- 

65 

VS 9 

m/sec 

2317 

2429 

2288 

lun 

490 520 545 434 461 z 3 

405 
2.60 

3.68 
I I 

1.58 
405 

3.64 
---I-- ~ 

0.86 
405 

2.95 

40 5 
24 1.06 21 17 

2096 

4.97 

405 
1.12 

4.49 

405 

0.40 0.29 0.43 

490 520 545 

2.71 4.21 5.99 

490 520 545 

1.47 1.06 3.50 

490 520 545 

0.43 2573 
7.43 

- 

r7 
405 

0.85 2506 79 

2434 99 1.52 
4.83 2.23 

545 

1.10 

545 

- 

- 

- 

39 
405 

372’ 

___ 

375! 

__. 

119 

- 

178 

- 

2.48 2237 

2243 

4.66 
- 

30 
4901 520 405 

4.09 
3.56 m 0.37 0.45 .0.78 

For each spectrograph channel and each run ,  A is given on t h e  t o p  l i n e ;  
(5, on the  bottom l i n e .  



TABLE 11. - Continued 

A ,  nm, and UA x 10l8, cm2,* 
for  spectrograph channel - VS 9 

m/sec 
T50, p 5 0 ~  
K kPa 

3543 161 

3433 201 

3946 130 

4105 102 

4109 59 

3686 118 

3429 153 

3379 53 

3492 47 

3398 63 

4 8 

545 

0.85 

545 

0.76 

400 

2.65 

400 

2.71 

400 

3.85 

400 

3.31 

400 

5.42 

400 

3.67 

400 

2.99 

400 

3.94 

2 3  

405 

---- 6.31 
405 

---- 6.03 
314 329 

1.70 2.54 

314 329 

2.12 1.78 

314 329 

2.09 2.46 

314 329 

1.80 2.35 

314 329 

2.67 3.35 

314 329 

2.26 2.69 

314 329 

1.72 2.22 

314 329 

2.06 2.88 

---- 

---- 

1 

434 

2.11 
2.67 21 37 

434 
2074 2.50 

2.18 

344 
2.56 2340 

1.48 2-33 

344 30 1 

I .30 

30 1 

1.48 

30 1 

2430 

2463 

2220 

2082 

1.58 

0.76 

2.42 

2.51 

344 

2.22 

344 

1.60 

301 

2.35 

2.36 

344 
2.11 

3.84 

344 30 1 
2102 1 .oo 

2.16 3.56 

344 

4.25 4.60 5.36 

357 371 386 

3.53 3.13 4.34 

357 371 386 

3.76 3.81 5.86 

30 1 

I .31 

30 1 

1.49 

1.08 2202 

2104 

2.32 

344 
1.16 

3.32 

For each spec t rograph  channel and each run ,  A i s  * given on the  t o p  l i n e ;  
u ,  on the  bottom l i n e .  

32 



TABLE 11. - Concluded 

A ,  nm, and 01 x 10l8,  cm2,* 
for  spec t rograph  channel  - N c ~ ) ~ ~  x T50 9 

K 
VS 9 

m/sec 

222 1 

2309 

2082 

2038 

2035 

2026 

2026 

P50 9 

itPa Rur 

- 

41 

- 

42 

- 
8 

328 

1 4 5 6 7 2 3  

256 

---- 2.60 

256 

---- 

---- 
---- I .TO 

256 ---- 
---- 3.20 

299 314 

---- ---- 
338 352 

4.10 5.10 

373 388 

6.30 6.97 

444 458 

0.75 0.76 

408 423 

4.45 2.39 

479 494 

0.79 0.52 

272 285 299 

1.40 

299 

- 

- 

314 
116 

- 

89 

- 

59 

__ 

59 

- 

58 

- 

58 

- 

59 

- 

57 

2.37 3666 

3845 

3370 

3264 

3260 

1.78 

328 

1.56 

328 

2.00 

27 2 

0 .go 

285 

1.50 

314 

---- 
e--- 

1.86 

1.01 

0.864 

0.854 

0.807 

0.823 

0.748 

0.80 

299 
- 

1.58 

272 

2.50 

1.24 

285 

1.60 

1.54 

314 
43 

1.51 2.46 2.30 

385 329 343 357 37 1 
44 

5.39 

395 

6.62 

430 

2.35 

50 1 

0.40 

465 

1.58 

- 

- 

- 

- 

- 

- 

- 

- 

4.26 

381 

6.04 

41 6 

---- 
487 

0.30 

452 

0.70 

6.37 

409 

4.33 

445 

1.03 

515 

2.10 

480 

0.57 

6.46 

423 

2.35 

458 

0.58 

529 

0.13 

494 

0.56 

564 

1.40 

- 
- 

3.69 

368 

6.03 

403 

6.21 

474 

1.60 

438 

---- 
325 

2.67 

360 

6.12 

43 1 

2.06 

395 

6.88 

45 

46 

- 

47 

3242 

3242 

48 

- 

49 

- 

201 1 321 2 

322 1 

1.73 

536 

0.63 
- 

- 

466 

1.87 

509 

1.71 

522 

0.64 

55 1 

0.67 
0.769 57 

- 

2017 

* For each spec t rograph  channel  and each run ,  A is g iven  on the t o p  l i n e ;  
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TABLE 111.- TEST CONDITIONS AND MEASURED ABSORPTION CROSS SECTIONS 

FOR TEST-GAS MIXTURE: 1.97 PERCENT C2H2, 98.03 PERCENT ARGON 

- 

Run 

- 

T50 9 

K 

- 

p50 9 

4 Pa 

1, nm, and 01 x 10l8,  cm2," 
fo r  spec t rograph  channel  - VS 9 

m/sec * 405 434 

5 6 1 8  

520 545 46 1 

1.75 

490 

0.30 
50 

- 

51 

- 

52 

- 

53 

- 

54 

- 

55 

- 

56 

- 

57 

- 

58 

4147 

- 

4084 

78 

- 

89 

0.52 2348 

2315 
46 1 490 5201 545 

0.76 ----I---- 12.0010.73 1.20 

~ 520 545 46 1 490 
3670 

- 

3820 

- 

3863 

87 

__ 

112 

- 

114 

1.06 

1.60 

1.57 

2295 

21 93 

221 1 

0.82 

46 1 

0.20 0.77 

520 545 

0.40 1.10 

520 545 

0.10 0.94 

520 545 

0.32 0.70 

520 545 

0.31 0.49 

520 545 

1 .oo 
46 1 

0.50 0.24 

46 1 490 
2082 3580 151 2.02 

0.77 0.27 

46 1 

0.96 

46 1 

490 

0.14 

490 

3687 

- 

3525 

158 21 27 2.27 

2052 195 2.25 
0.60 0.25 0.38 10.63 

46 1 

0.88 

490 

0.71 
2049 351 1 

- 

3753 

- 

171 1.03 

490 46 1 

0.77 
59 2157 137 2.01 

0.34 

*For each spec t rograph  channel  and each run ,  1 is g iven  on the  t o p  l i n e ;  
u ,  on t h e  bottom l i n e .  
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and photomultipliers 

f Spectrograph 

Figure 1.-  Schematic of shock-tube tes t  l o c a t i o n  and o p t i c a l  arrangement. 
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Figure 2.- Example of photomultiplier linearity check. 
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have different start times.) 

L-78-15 
Figure 3.- Sample oscillograms showing photomultiplier and pressure transducers 

as shock detectors. p2 = 221 kPa; T2 = 3638 K. 
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Figure  4.- Shock v e l o c i t y  as determined from time i n t e r v a l s  between s t a t i o n s .  



( a )  Prerun l i g h t  pu lse .  
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(b) Light  pu l se  during run. 
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Figure 5.- Sample spectrograph channel record and method of determining 
abso rp t ion  parameter F ( t ) .  ~ 5 0  = 105 kPa; T50 = 3709 K. 
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Figure 7.- Results of sensitometer calibration of film. 
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Figure  8.- Calcu la ted  tempera ture  v a r i a t i o n  behind shock f o r  
v a r i o u s  sample runs .  
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( a )  p2 = 209 kPa; ( b )  p2 = 99 kPa; (c)  p2 = 94 kPa; 
T2 = 3562 K; T2 = 3639 K; T2 = 4026 K; 
X = 434 nm. X = 317 nm. X = 461 nm. 

Figure 9.- Example o f  time v a r i a t i o n  of abso rp t ion  F ( t )  and r e s u l t i n g  c r o s s  s e c t i o n  OX 
after c o r r e c t i o n  f o r  free-stream s ta te  v a r i a t i o n .  
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Figure  11.- S p e c t r a l  survey of C 3  cross s e c t i o n  a t  T50 = 3723 k 47 K. 
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Figure  12.- Comparison of c r o s s  s e c t i o n s  measured a t  T50 = 3240 k 25 K 
w i t h  those  of r e f e r e n c e  8 data a t  T = 3200 K. 
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Figure  13.- Var i a t ion  of abso rp t ion  c r o s s  s e c t i o n  w i t h  
temperature  f o r  selected wavelengths. 
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F igure  13.- Continued. 
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Figure 13.- Concluded. 
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Figure 14.- S p e c t r a l  c ross -sec t ion  p r o f i l e  a t  selected temperatures .  
Symbols are va lue  o f  cubic  curve f i t ;  bars i n d i c a t e  s tandard  
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F i g u r e  14.- Concluded .  
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Figure  15.- E l e c t r o n i c  o s c i l l a t o r  s t r e n g t h  c a l c u l a t e d  from p resen t  experiment 
as a func t ion  of  test-gas temperature .  
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Figure 16.- Measured e x t i n c t i o n  c o e f f i c i e n t  a t  va r ious  temperatures  
compared w i t h  c a l c u l a t e d  e x t i n c t i o n  due t o  s c a t t e r i n g  and 
abso rp t ion  of 30-nm-radius p a r t i c l e s .  
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Figure 17.- Comparison of thermal properties of C3 
as calculated by four methods. 
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Figure 17.- Continued. 
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Figure 17.- Continued. 
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Figure 18.- Summary of C3 vapor-pressure d a t a .  
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